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ABSTRACT 
Proper cell migration during embryonic development is crucial for appropriate 
tissue patterning and the final vertebrate body plan. A highly migratory cell type during 
development that is unique to vertebrates is the neural crest. Neural crest cells arise on 
the dorsal side of the embryo and migrate to nearly every part of the developing embryo. 
These migratory cells will go on to form several different tissue types including the 
neurons and glia of the peripheral nervous system, craniofacial cartilage and bones, and 
melanocytes. To control this dynamic migration, several factors are needed to regulate 
cell adhesion at sites of cell-cell contact and interactions with other neural crest cells and 
the environment, as well as factors that act as guidance and signaling molecules. The goal 
of this thesis is to examine the role of Pcdh10a and Pcdh10b in the migration of neural 
crest-derived melanocytes. Here, I have demonstrated that pcdh10a is expressed in 
melanocytes and that the protein localizes to the membrane in the expressing cells. When 
pcdh10a expression is reduced, a small population of melanocytes fail to migrate to the 
lateral stripe and instead differentiates inside the embryo. Live cell imaging analysis 
demonstrates that loss of pchd10a results in a reduction of directed cell migration of 
melanocyte precursors, caused by both increased adhesion and a loss of cell-cell contact 
with other migratory neural crest cells. I identified that in the pcdh10a genetic mutant, the 
paralog pcdh10b is being upregulated to compensate for the loss of pcdh10a, and when 
both paralogs are removed, this is lethal to the developing embryo. Taken together, this 
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work demonstrates the importance of Pcdh10a in the migration of neural crest-derived 
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 Coloration and pigment patterns in the animal world serve a variety of functions. 
Animal coloration can aid in camouflage and mimicry or as a warning to others to stay 
away. Coloration is also used to display overall health and signal a readiness to mate.  In 
the selection of a mate, many species exhibit sexual dimorphism, that is, a difference in 
pigment pattern or coloration between the sexes. Pigment-containing cells called 
chromatophores make the different animal colorations and pigment patterns that are seen 
in nature. Melanocytes, which are a specialized chromatophore that synthesize the dark 
colored pigment called melanin have provided an excellent model to study how 
pigmentation develops in early embryos to form a given pigment pattern. Most 
melanocytes are derived from a population of stem-like cells called the neural crest, that 
migrate throughout the embryo, interacting with other cells types and their environment, 
eventually arriving at their destination where they will populate the skin, and/or skin 
appendages such as hair or feathers to form a given pattern (Cichorek, Wachulska, & 
Stasiewicz, 2013; Protas & Patel, 2008).  
Neural crest cells (NCCs) are a transient population of migratory, multipotent 
cells that give rise to several vertebrate structures including the neurons and glia of the 
peripheral nervous system, craniofacial cartilage and bone, and melanocytes. NCCs arise 
from the dorsal neural tube at the border between the neural ectoderm and the non-neural 
ectoderm. After specification, NCCs undergo an epithelial to mesenchymal transition 
(EMT), delaminate from the dorsal neural tube and migrate extensively throughout the 
embryo. NCCs are divided into two major regions: the cranial neural crest, which will 
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form craniofacial skeleton including cartilage and bone, melanocytes and cranial ganglia, 
and the trunk neural crest, which gives rise to cells of the peripheral nervous system and 
melanocytes, among other derivatives. NCCs migrate in an anterior to posterior 
progression along two distinct pathways, the ventromedial (ventral) pathway, and the 
dorsolateral (lateral) pathway. The fate of the cell determines this pathway selection, time 
of delamination from the neural tube and signaling cues from the cellular environment. 
This includes changes in cell-cell adhesion, cell-matrix interactions, the polarization of 
the cell, and chemotactic sensing of attractive and inhibitory signals. Defects in any of 
these steps of migration can lead to errors in the vertebrate body plan associated with 
congenital birth defects collectively referred to as neurocristopathies (Bolande, 1974; 
Hall, 2009; N. Le Douarin & Kalcheim, 1999). 
The neural crest in trunk development 
 Since its discovery in the late 1800s, the NC has been the subject of intense 
debate. To many biologists, it just did not seem possible that one embryonic cell type 
could give rise to so many unique and different cell types and tissues in the vertebrate 
body. Through the last 150 years of research, the NC has become known as a defining 
feature of vertebrate organisms (Gans & Northcutt, 1983). During vertebrate 
embryogenesis, NCC formation begins around the time of gastrulation and finishes 
during late organogenesis. These multipotent ectodermal cells form at the border of the 
presumptive neural and non-neural ectoderm in the dorsal neural tube along the 
anteroposterior axis of the embryo (Hall, 2009; N. Le Douarin & Kalcheim, 1999). Along 
this axis of development, different derivatives of neural crest are formed. The cranial 
neural crest (CNC) migrate into the developing face and pharyngeal arches to give rise to 
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the bone, cartilage and connective tissue of the head (Kontges & Lumsden, 1996; 
Schilling & Kimmel, 1997). Also, the CNC also contribute to tooth mesenchyme, cranial 
nerve ganglia and periocular mesenchyme in the eye (Chai et al., 2000; Gage, Rhoades, 
Prucka, & Hjalt, 2005; N. Le Douarin & Kalcheim, 1999). A subset of CNC that migrate 
to the most posterior pharyngeal arches is called cardiac neural crest. This population of 
NCCs contributes to the smooth muscle in the outflow tract of the heart, pericytes, and 
the neurons and glia that will innervate the heart (Jiang, Rowitch, Soriano, McMahon, & 
Sucov, 2000; Takamura, Okishima, Ohdo, & Hayakawa, 1990). Another population of 
NCCs are the vagal and sacral neural crest cells; these contribute to the ganglia of the 
enteric nervous system (N. M. Le Douarin & Teillet, 1973; Tucker, Ciment, & Thiery, 
1986).  The last distinct population of NCCs are the trunk NCC; this is the population of 
NCC that I will focus on the in remainder this introduction and thesis work. Once the two 
sides of neural epithelium come together to form the neural tube in the developing 
embryo, trunk NCCs begin to emigrate out of the neural tube and migrate ventrally in the 
embryo. Upon leaving the dorsal neural tube domain, trunk NCCs can migrate along two 
major pathways. Cells that migrate out laterally along the dorsolateral pathway are fated 
to become the pigment producing melanocyte cells. These cells migrate through the 
developing epidermis to populate the skin, hair follicles (mammals), feathers (birds), or 
scales (fish and reptiles) (Erickson, Duong, & Tosney, 1992; Mayer, 1973). 
Alternatively, cells migrate down the ventral pathway.  In this pathway, NCCs leave the 
neural tube and migrate down through the embryo towards the ventral side of the embryo. 
Ventrally migrating NCCs become dorsal root ganglia, sympathetic neurons, and 
Schwann cells (Bronner-Fraser, 1986; Loring & Erickson, 1987; Rickmann, Fawcett, & 
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Keynes, 1985; Weston, 1963). However, there are a few species-specific differences in 
trunk NCC migration. In mammals and birds, NCCs migrating down the ventral pathway 
will migrate through the developing somites in the intersomitic space (Hall, 2009). In 
contrast in zebrafish, ventrally migrating NCCs migrate down between the neural tube 
and somite. Additionally, zebrafish NCCs fated to become melanocytes migrate along 
both the ventral pathway and the dorsolateral pathway (Figure 1.1) (Kelsh, Harris, 
Colanesi, & Erickson, 2009).  
Neural crest derived melanocyte specification and migration 
 In the developing vertebrate embryo, trunk NCCs are specified well before the 
neural folds come together to form the neural tube (Basch, Bronner-Fraser, & Garcia-
Castro, 2006), and melanocytes are specified before NCC emigration out of the neural 
tube (Raible & Eisen, 1994). For NCCs to be fated as melanocytes, the transcription 
 
Figure 1.1. Schematic of neural crest derived melanocyte migration. 
Melanocytes emerge from the dorsal part of the neural tube (NT). Initially 
melanocytes migrate down the ventromedial pathway (black arrow), a couple hours 
into migration, melanocytes will also begin to invade and migrate down the 
dorsolateral pathway (green arrow).  
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factor MITF expression is required. MITF is the master transcription factor that 
influences premigratory NCC towards a melanocyte fate and is expressed throughout 
melanocyte differentiation. Ectopic expression of MITF in embryo-derived stem cells or 
NIH3T3 cells is sufficient to push the cells to a melanocyte fate (Bejar, Hong, & Schartl, 
2003; Tachibana et al., 1996). Gene expression analysis has shown that the transcription 
factors SOX10 and PAX3 are expressed in melanocytes and glial cell progenitors, and that 
SOX10 and PAX3 together act to turn on MITF expression (Bondurand et al., 2000; 
Potterf, Furumura, Dunn, Arnheiter, & Pavan, 2000). Additional transcription factors 
including SOX2 and FOXD3 are important for restricting the melanocyte lineage. 
FOXD3 is expressed in the earlier NCCs fated to be neurons and glia but not in the later 
migrating melanocytes. In chick and mouse, knockdown or genetic removal of FOXD3 in 
vitro or in vivo led to an increase in melanocytes while overexpression of FOXD3 in vivo 
suppressed melanocyte formation (Kos, Reedy, Johnson, & Erickson, 2001; Nitzan et al., 
2013).  Interestingly, in chick and mice, FOXD3 does not directly bind and repress MITF 
expression, instead FOXD3 blocked PAX3 from binding and activating MITF 
transcription. However, in zebrafish, it was shown that Foxd3 does have identified 
binding recognition sequences in the promotor of mitfa and can directly inhibit its 
expression (Curran et al., 2010; Curran, Raible, & Lister, 2009). Similarly, SOX2 was 
shown to directly bind to the promotor of MITF and repress its expression. Evidence for 
this came from genetic deletions of Sox2 in mice which led to a decrease in glial cells and 
an increase in melanoblasts, while overexpression of SOX2 in chick embryos results in a 
reduction of melanocytes (Adameyko et al., 2012). Once MITF expression is activated in 
melanoblasts, there is a feedback mechanism by which MITF downregulates the 
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expression of FOXD3 and SOX2 and to reinforce the melanocyte fate (Adameyko et al., 
2012) (Figure 1.2).  
After specification, premigratory NCCs need to delaminate from the dorsal neural 
tube and migrate to their destinations. The first step to leaving the dorsal neural tube 
domain is to undergo an epithelial-to-mesenchymal transition (EMT) to a more migratory 
phenotype. A dorsal-to-ventral gradient of BMP4 expression in the neural tube is the 
hallmark of the beginning of EMT (Burstyn-Cohen, Stanleigh, Sela-Donenfeld, & 
Kalcheim, 2004; Sela-Donenfeld & Kalcheim, 1999). BMP4 activation in turn, activates 
the metalloprotease ADAM10, which will cleave N-cadherin. N-cadherin, a type 1 
cadherin, is expressed throughout the neural tube and is responsible for preventing cell 
movements by maintaining strong cell adhesions through adherens junctions (Akitaya & 
Bronner-Fraser, 1992; Nakagawa & Takeichi, 1998). Cleavage of N-cadherin not only 
reduces cell-cell adhesion between neural tube/crest cells, but also generates an 
intracellular domain, CTF2, which is transported into the nucleus to stimulate the 
 
Figure 1.2. Schematic of melanocyte development. Early Sox10 positive NCCs turn 
on Mitfa expression through Sox10 and Pax3. Once Mitfa is turned on, a melanocyte 
fate is established. Mitfa suppresses neural lineage genes such as Foxd3 and Sox2 to 
reinforce the melanocyte fate. Differentiated melanocyte turn on genes responsible for 
melanin synthesis such as DCT, TYR, and TYRP1.  
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expression of other EMT-promoting genes (Shoval, Ludwig, & Kalcheim, 2007). 
Another cadherin that is downregulated before migration is Cadherin-6. Gene expression 
studies in chick have shown that Cadherin-6B is expressed first in premigratory NCC, 
and then briefly after delamination, but is down-regulated in migratory NCCs (Nakagawa 
& Takeichi, 1995; Park & Gumbiner, 2010). It has been proposed that although 
Cadherin-6 is downregulated before migration, Cadherin-6 promotes EMT. It does this 
by inducing a change in the cell polarity of the mostly epithelial-like neural cells in what 
is termed “de-epithelialization” (Park & Gumbiner, 2010). The authors showed that over-
expression of Cadherin-6B led to the NCCs rounding up and losing their polarity along 
with ectopic de-epithialization of the neural tube, while knockdown of Cadherin-6B 
reduced the number of emigrating NCCs. Additionally, Cadherin-6 also promotes BMP 
expression which reinforces N-cadherin cleavage and progress through EMT. In 
zebrafish, Cadherin-6 promotes apical detachment of NCCs from the neuroepithelium 
through cytoskeletal and polarity proteins, including F-actin and RhoA (Clay & Halloran, 
2014). Progression through EMT is characterized as a switch from the more adhesive 
cadherins such as N-cadherin and Cadherin-6, to type 2 cadherins including Cadherin 7 
(chick) and Cadherin-11 (mouse, frog) that promote migration (Nakagawa & Takeichi, 
1995; Vallin, Girault, Thiery, & Broders, 1998). These changes in adhesion between 
NCCs and the neural tube allow NCCs to leave the dorsal neural tube. 
 Once melanoblasts have undergone EMT and migrate away from the neural tube, 
they receive multiple signals from neighboring NCCs and the environment to help guide 
them to their final destination. In all vertebrates except zebrafish and frog, melanoblasts 
migrate through the dorsolateral pathway to populate the surface ectoderm. In zebrafish, 
 8 
melanoblasts initially migrate down the ventromedial pathway following behind NCCs 
fated to be neurons and glia; then four hours after migration starts, melanoblasts begin to 
also migrate down the dorsolateral pathway. This choice between the two pathways is 
enforced by a number of positive and negatives cues. Not much is known about the 
guidance of melanoblasts along the ventral pathway because this behavior is only 
observed in zebrafish and frog. It is hypothesized that similar molecules guide these early 
ventrally migrating melanoblasts similar to NCCs fated to be neurons and glia.  One of 
the first attractive signal (chemokines) encountered by NCCs is Cxcl12, which attracts 
NCCs expressing cxcr4 down the ventral pathway towards the dorsal aorta where Cxcl12 
is produced (Gordon, Wade, Brinas, & Farlie, 2011; Olesnicky Killian, Birkholz, & 
Artinger, 2009). In mouse and chick, inhibitory factors including Ephrin-A/B receptors 
along with their ligand Ephrin-A/B (R. K. Baker & Antin, 2003), Semaphorins and their 
ligand neuropilin (Schwarz, Maden, Vieira, & Ruhrberg, 2009) help restrict trunk NCCs 
to discrete migratory chains in the anterior somites in the ventral pathway. Additionally, 
the somites secrete Slit protein, which repels robo-expressing NCCs from entering the 
dorsolateral pathway (Jia, Cheng, & Raper, 2005). slit is also expressed at the entrance of 
the developing gut, this expression keeps robo-expressing trunk NCCs from entering the 
developing gut while allowing vagal NCCs, which do not express Robo, to invade the 
gut.  (Zuhdi et al., 2015). NCCs expressing ErbB receptors and migrating along the 
ventral pathway are guided to the ventral side of the embryo by ventrally expressed 
Neuregulin (Fantauzzo & Soriano, 2015). Recently it has been shown that a population of 
ventrally migrating melanoblasts requires ErbB receptors to migrate to and colonize the 
dorsal root ganglia (DRG) and become a source of melanophore stem cells that set up the 
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adult pigment pattern in zebrafish (Budi, Patterson, & Parichy, 2011). Removal of these 
ErbB receptors in zebrafish led to a loss of DRGs and melanophore progenitor cells 
(Dooley, Mongera, Walderich, & Nusslein-Volhard, 2013). One more factor that appears 
to help melanoblasts migrate down the ventral pathway is Kita/Kital. Kita is expressed by 
melanoblasts and is attracted to its ligand Kital, which in zebrafish is expressed in a 
subset of muscle cells, and adjacent to the notochord, in the ventromedial pathway 
(Hultman, Bahary, Zon, & Johnson, 2007). Melanoblasts migrating down the dorsolateral 
pathway upregulate Eph-B2 and are attracted to Ephrin-B1-expressing dorsal ectoderm 
(Santiago & Erickson, 2002). Additionally, melanoblasts upregulate EdnrB2 which 
responds positively to endothelins along the dorsolateral pathway while at the same time 
EdnrB expressing neural and glial lineages are repelled by endothelins in the dorsolateral 
pathway (M. L. Harris, Hall, & Erickson, 2008). 
 Another important aspect of NC migration is the polarity of the migrating cells 
and how groups of cells migrate together or independently to their destinations. To 
migrate in a directed manner towards their target destination, NCCs must polarize their 
cell membrane with stable protrusions and lamellipodia at the leading edge of the cell. 
This is accomplished by a class of proteins called Rho GTPases (Ridley & Hall, 1992). 
At the leading edge of the cell, Rac1 promotes the formation and stabilization of 
lamellipodia, and Cdc42 controls the actin cytoskeleton that forms protrusions. At the 
trailing edge of the cell, RhoA controls cell contraction. An important aspect of the 
polarization during migration is how NCCs in a group respond during migration in a 
process called contact inhibition of locomotion (CIL). This is the process when migrating 
cells come in contact with one another, the cells lose their protrusions at the site of 
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contact, repolarize and form new protrusions away from the site of contact and migrate in 
the new direction. In groups of migrating NCCs, this leads to the leader cells at the free 
edge forming stable protrusions and lamellopodia (Carmona-Fontaine et al., 2008; 
Erickson, 1985). CIL and chemotaxis work together to promote NC directed cell 
migration. When migrating NCCs encounter the chemokine Sdf1, it causes the cell 
protrusions facing the high concentration of Sdf1 to be further stabilized, this promotes 
group directionality toward the attractant and directional migration (Theveneau & Mayor, 
2010).  
 Upon reaching their target tissue, migratory NCCs and melanoblasts differentiate 
into their final cell types.  This involves downregulating genes responsible for migration 
and upregulating genes that will drive the differentiation program for that cell’s fate. 
Current data suggests that once the cells reach their destination, the surrounding tissue 
signals to the NCCs to change the gene expression program. Data suggest that for 
melanoblasts, Kit is responsible for regulating the invasion of melanoblasts into the 
ectoderm. In chick, when Kit was knocked down the authors found melanocytes failed to 
enter the ectoderm and instead accumulated in the dermis (M.L. Harris, 2008). In 
zebrafish, significantly less is known about what directs melanocytes to their final tissue 
and the factors that will influence the termination of migration and differentiation into 
melanocytes. 
Zebrafish pigmentation 
 Zebrafish have two separate pigment patterns: a larval pigment pattern and an 
adult pigment pattern. During embryogenesis, the melanocytes that arise directly from 
NC form the first pigment pattern, which is established by 3 days post fertilization (dpf). 
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The larval pigment pattern consists of four stripes of melanocytes: a dorsal stripe, lateral 
stripe, ventral stripe and yolk sac stripe (Figure 1.3). Starting around 7 dpf, zebrafish 
larva begin to form their adult pigment pattern. Melanocyte stem cells that are associated 
with DRG and other peripheral nerves and ganglia begin to expand and migrate in chains 
along the peripheral nerves to the ectoderm to form the first adult stripes (Budi et al., 
2011; Dooley et al., 2013). Melanocytes in the stripes, along with xanthophores (yellow 
color) in the interstripes will form the alternating dorsal to ventral stripes of the adult 
color.  The iridophores (silver reflective) will migrate to the edge of each stripe and 
interstripe and dictate the overall width of each stripe and interstripe (Figure 1.3C). As 
 
Figure 1.3. Zebrafish larval and adult pigment patterns. 
Lateral views of 72hpf embryos. The vertical line in A represents approximate place 
of cross-section. (A) Wildtype embryos showing correct larval pigment pattern with 
all four stripes. (B) Cross section of embryo showing the location of the four 
melanocyte stripes. (C) Adult pigment pattern is formed with alternating stripes by 
layering of the different pigment cells in each stripe. DS Dorsal Stripe, LS Lateral 
Stripe, VS Ventral Stripe, YS Yolk Stripe.  
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the body of the fish grows, more stripes and interstripes will be added (Patterson & 
Parichy, 2013). It has been hypothesized that the purpose of the larval pigment is to 
provide camouflage as well as provide UV protection for important structures such as the 
central nervous system, the lateral line nerve and gonads until the adult pigment pattern is 
established (K. P. Mueller & S. C. Neuhauss, 2014).   
Zebrafish as a model system for neural crest and pigmentation research 
 Zebrafish have become a common developmental model system used in research, 
especially for studying NC and pigment pattern formation. Zebrafish in the lab are easy 
to care for and breed, with embryo clutches numbering 50-300. Since zebrafish embryos 
develop externally, this makes it very easy to have access to the earliest developmental 
time-points. Additionally, external development makes them very amenable to 
experimental procedures including genome engineering and gene knockdown, 
transplantation experiments, cell labeling and lineage tracing, and pharmacological 
treatments. Through their larval stage zebrafish are optically clear which has allowed for 
a large collection of fluorescent transgene reporter fish lines to be made that allow for 
excellent live imaging.  
 Because zebrafish also have defined larval and adult patterns, it is easy to use 
those defined patterns to investigate genes or other agents that when perturbed effect 
these pigment patterns. For example, the sox10 mutant colourless lacks all three types of 
chromatophores along with glia and the peripheral nervous system. The kita mutant 
sparse has a severe reduction in larval melanocytes, but the other chromatphores are 
unaffected. In the adult sparse fish the melanocyte number is about 15% of what it should 
be. Surprisingly, the mutant nacre, which is mutant for mitfa, completely lacks the larval 
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melanocyte pattern but goes on to have a normal adult pigment pattern (Kelsh et al., 
1996; Lister, Robertson, Lepage, Johnson, & Raible, 1999; Mellgren & Johnson, 2004). 
Since these pigment patterns are easy to see with a simple dissecting microscope, or even 
the naked eye, embryos and mutants can be screened and identified relatively quickly.  
Significance of the neural crest in human disease 
 NCCs are an incredibly important embryonic cell type because they develop into 
so many different tissues that complete the vertebrate body plan. Errors or defects that 
involve the NC can cause severe health complications for the organism; these associated 
syndromes are collectively referred to as neurocristopathies (Bolande, 1974).  
Neurocristopathies can arise during any of the stages of NC specification and formation, 
migration, or differentiation. Waardenburg syndrome (WS) is caused by defects that 
occur during neural crest specification and migration depending on what gene is affected. 
Loss-of-function mutations in PAX3 cause 90% of Waardenburg cases, but can also be 
caused by mutations in SOX10, EDN3, EDNRB, and MITF. WS symptoms vary greatly in 
severity and patient to patient but can include: depigmentation in patches of skin and hair, 
moderate to severe hearing loss, and craniofacial deformations (Pingault et al., 2010). 
Hirschsprung disease, is characterized by a failure of NC-derived enteric neurons to 
migrate to and populate the lower gut and colon, this leads to a lack of neurons that 
would normally control muscle peristalsis to move food through the bowel. The most 
common gene associated with Hirschsprung disease is RET, but Hirschsprung disease can 
also can result from mutations in SOX10, Endothelins, or Neuregulin family members 
(Heanue & Pachnis, 2007). An example of a defect during NC differentiation is 
craniosynostosis (CS). This is characterized by a premature differentiation of 
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chondrocytes which leads to an early fusion of the cranial sutures in a baby’s skull. Most 
cases of CS are caused by mutations in FGF receptors, TWIST genes, or MSX2. For the 
most part, CS is nonsyndromic and can often be corrected with surgery as the baby grows 
(Melville, Wang, Taub, & Jabs, 2010). As most of these genes are associated with very 
early times in development, our current treatment strategies are limited to surgery to 
correct the malformation. As we continue to study the genes and pathways that regulate 
NC, we can hopefully develop better screenings and treatment strategies and possibly 
even corrections during human embryonic development for those afflicted with 
neurocristopathies 
 Metastatic cancer and the NC share a striking number of similarities. Both use a 
number of the same early developmental genetic pathways, undergo EMT and then 
migrate into other tissues (Karunasena et al., 2015; Kuriyama & Mayor, 2008; Thiery, 
Acloque, Huang, & Nieto, 2009). Malignant cancer cells up regulate signaling pathways 
including the TGFβ, Wnt, and several Receptor tyrosine kinases (RTK) pathways, which 
activate the downstream cascade of transcription factors to undergo EMT, including 
Snail, Twist, SoxE, FoxD, and Ets gene families (Nieto, 2009; Thiery & Sleeman, 2006). 
To leave the primary tumor, cancer cells also undergo cadherin switching from the strong 
adhesion of type 1 cadherins, to migration promoting type 2 cadherins (Akitaya & 
Bronner-Fraser, 1992). Crucial to normal NC migration, matrix metalloproteinases 
(MMP) and A disintegrin and metalloproteinase (ADAM) give NCCs the ability to digest 
and break down extracellular matrix (ECM) and cell surface molecules to promote 
migration (Alfandari et al., 2001; McCusker, Cousin, Neuner, & Alfandari, 2009). While 
poorly understood in normal NC migration, in cancer cell biology, higher expression of 
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MMPs and ADAMs in tumors is associated with high invasiveness and a poor prognosis 
for the patient. Additionally, several cancer types are descendants of NC tissues. The 
most serious form of skin cancer, melanoma, arises from melanocytes. Neural cancers 
including neuroblastomas, schwannomas, and neurofibromatose are derived from 
sympathetic ganglia and Schwann cells respectively. The NC can be a great model for 
understanding how cancer cells hijack the normal developmental pathways seen in NC 
for cancer progression and metastasis.   
Pcdh10a and other protocadherins in development 
 Protocadherins are the largest subgroup in the cadherin superfamily, containing 
around 80 genes. The protocadherin subfamily is then divided into two classes: clustered 
and non-clustered.  The clustered family includes subfamily groups α-, β-, γ-
protocadherins, whereas the non-clustered family is made up of δ-protocadherins (Nollet, 
Kools, & van Roy, 2000; Sano et al., 1993b). Structurally, protocadherins are very 
similar to cadherins. The extracellular domain of protocadherins contains 6-7 cadherin 
repeating motifs, whereas the “classical” type 1 cadherins contain 5 cadherin repeats. 
Both are involved in Calcium dependent binding, but it appears that adhesion strength of 
protocadherins tends to be weaker than in classical cadherins (Kahr, Vandepoele, & van 
Roy, 2013). Protocadherins also lack the canonical catenin bindings sites on the 
cytoplasmic domain that cadherins have, as well as lacking sites that are known to bind 
and link cadherins to the cytoskeleton to stabilize adhesion. These differences, along with 
their highly variable cytoplasmic domains, has led to the idea that protocadherins are 
more involved in cell-signaling rather than cell adhesion. Protocadherins have been 
implicated in a number of cellular processes including cell sorting (S. H. Kim, 
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Yamamoto, Bouwmeester, Agius, & Robertis, 1998; Kuroda, Inui, Sugimoto, Hayata, & 
Asashima, 2002), tissue morphogenesis (Bononi, Cole, Tewson, Schumacher, & Bradley, 
2008; Bradley, Espeseth, & Kintner, 1998; Rashid, Newell, Shama, & Bradley, 2006), 
and brain development (S. Y. Kim et al., 2010; Piper, Dwivedy, Leung, Bradley, & Holt, 
2008; Yamagata et al., 1999).  
For this introduction, I will focus on the δ-protocadherins as this is the family to 
which Pcdh10a belongs. One of the early protocadherins to be characterized, 
Protocadherin10 (PCDH10, formerly OL-protocadherin) (Hirano, Yan, & Suzuki, 1999) 
is a δ2-protocadherin consisting of six extracellular cadherin motifs, a single-pass 
transmembrane domain and a small cytoplasmic domain (Figure1.4). While first 
characterized in the olfactory system, additional data in mouse and chick has shown that 
PCDH10 is expressed primarly in the brain and central nervous system (Nakao et al., 
2005; Uemura, Nakao, Suzuki, Takeichi, & Hirano, 2007). In the central nervous system, 
PCDH10 was shown to have a role in the guidance and pathfinding of striatal axons 
during outgrowth in the developing ventral telecephalon, (Uemura et al., 2007; Williams 
et al., 2011). In the olfactory system, it was shown that Pcdh10 is regulated by activity 
 
Figure 1.4. Structure of Pcdh10a. 
Schematic showing the overall structure of Protocadherin10a. Pcdh10a consists of 6 
cadherin repeats, a transmembrane domain that spans the plasma membrane, and a 
cytoplasmic domain. 
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and plays a role in olfactory sensory neuron guidance (Williams et al., 2011). To 
determine the mechanism of PCDH10 function, Nakao et al (Nakao, Platek, Hirano, & 
Takeichi, 2008) screened for proteins that might be interacting with PCDH10 using in 
vitro cell culture. They identified actin-binding proteins NAP1, SCAR/WAVE, and ABI. 
Interestingly these proteins are a part of a complex of proteins that are involved in 
WAVE-mediated actin assembly. Additionally, exogenous expression of Pcdh10 in U251 
cells caused PCDH10, NAP1, and WAVE to be recruited to cell adherens junctions and 
redistribute F-actin and N-cadherin. This reorganization of F-actin and N-cadherin caused 
accelerated movement in groups of cells but did not affect individual cells. This suggests 
that PCDH10 recruits NAP1-WAVE to cell junctions to remodel adhesion and motility 
machinery to affect cell migration. In addition, zebrafish Protocadherin18b interacts with 
Nap1 to control the outgrowth and branching of motor axon dendrites (Biswas et al., 
2014). In zebrafish, there are two paralogs of Pcdh10, Pcdh10a, and Pcdh10b but little is 
known of their function in zebrafish. Most available data for the paralogs is expression 
data from ISH gene expression analysis (Thisse et al., 2004). Functional analysis in 
zebrafish has suggested that Pcdh10b has a possible role in somitogenesis during 
development (Murakami, Hijikata, Matsukawa, Ishikawa, & Yorifuji, 2006). RNA-
sequencing data from sorted pigment cells in 72hpf zebrafish embryos revealed that 
pcdh10a was highly enriched in melanocytes, suggesting a possible role during 
melanocyte development (Higdon, Mitra, & Johnson, 2013).  
 As Pcdh10 in other vertebrates has been found to have a role in cellular guidance 
and pathfinding, I hypothesized that Pcdh10a in zebrafish guides melanoblasts during 
neural crest cell migration. To test this hypothesis, I investigated when and where 
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pcdh10a is expressed during zebrafish development and found that pcdh10a is expressed 
in, and the protein localized to melanocytes during the time-frame of melanoblast 
migration. I demonstrate that when pcdh10a is reduced, melanocytes fail to migrate 
properly and a subset of these cells get stuck migrating through the embryo, resulting in 
pigmented melanocytes inside  the body. Genetic removal of pcdh10a leads to the 
upregulation and genetic compensation of the paralog pcdh10b, which when removed in 
addition to pcdh10a leads to a more severe phenotype than pcdh10a knockdown alone. 
This work demonstrates the importance of pcdh10a in neural crest-derived melanocyte 
migration, while also highlighting the growing trend of genetic mutants not recapitulating 
the knockdown phenotypes due to upregulating the paralogs or other genes to compensate 















REQUIREMENT OF ZEBRAFISH PCDH10A AND PCDH10B IN 
MELANOCYTE PRECURSOR MIGRATION1 
Abstract 
Melanocytes derive from neural crest cells, which are a highly migratory 
population of cells that play an important role in pigmentation of the skin and epidermal 
appendages. In most vertebrates, melanocyte precursor cells migrate solely along the 
dorsolateral pathway to populate the skin. However, zebrafish melanocyte precursors also 
migrate along the ventromedial pathway, in route to the yolk, where they interact with 
other neural crest derivative populations. Here, we demonstrate the requirement for 
zebrafish paralogs pcdh10a and pcdh10b in zebrafish melanocyte precursor migration. 
pcdh10a and pcdh10b are expressed in a subset of melanocyte precursor and somatic 
cells respectively, and knockdown and TALEN mediated gene disruption of pcdh10a 
results in aberrant migration of melanocyte precursors resulting in fully melanized 
melanocytes that differentiate precociously in the ventromedial pathway. Live cell 
imaging analysis demonstrates that loss of pchd10a results in a reduction of directed cell 
migration of melanocyte precursors, caused by both increased adhesion and a loss of cell-
cell contact with other migratory neural crest cells. Also, we determined that the paralog 
pcdh10b is upregulated and can compensate for the genetic loss of pcdh10a. Disruption 
of pcdh10b alone by CRISPR mutagenesis results in somite defects, while the loss of 
                                               
1 The work presented in this chapter has been published Developmental Biology and is 
primarily the work of J.S Williams. Other authors assisted with western blots, embryo 
injection and protocol development. Williams, J. S., Hsu, J. Y., Rossi, C. C., & Artinger, 
K. B. (2018). Requirement of zebrafish pcdh10a and pcdh10b in melanocyte precursor 
migration. Dev Biol. doi:10.1016/j.ydbio.2018.03.022. 
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both paralogs results in enhanced migratory melanocyte precursor phenotype and 
embryonic lethality. These results reveal a novel role for pcdh10a and pcdh10b in 
zebrafish melanocyte precursor migration and suggest that pcdh10 paralogs potentially 
interact for proper transient migration along the ventromedial pathway. 
Introduction 
During zebrafish embryogenesis, pigment cell precursors are specified with other 
neural crest cells (NCCs) at the boundary between neural ectoderm and non-neural 
ectoderm, undergo an epithelial-to-mesenchymal transition and migrate throughout the 
embryo to form differentiated melanocytes (black), iridophores (silver) and xanthophores 
(yellow) pigmented cells. This diversity in pigment pattern is an important driver of 
evolution, including the specialized pigment patterns observed in nature, and can also be 
a source of abnormalities and disease states, including premature hair greying, vitiligo 
and melanoma.  
During melanocyte development, the first separation from the neural crest 
population is the expression of a series of important specifier transcription factors 
including sox10 and mitf (Baxter, Moreland, Nguyen, Wolfsberg, & Pavan, 2010). These 
factors set into motion the commitment towards a differentiated melanocyte cell that 
functions to protect the skin from environmental insult, in particular, ultraviolet light (K. 
P. Mueller & S. C. F. Neuhauss, 2014; Parichy & Spiewak, 2015). Once specified, the 
melanocyte precursor undergoes an epithelial-to-mesenchymal transition to the migration 
staging area dorsal to the neural tube or neural keel. In most vertebrates, melanocyte 
precursors utilize the dorsolateral neural crest (NC) migration pathway between the 
epidermis and developing somite for their migration. However, in contrast to their avian 
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and mammalian counterparts, zebrafish melanocyte precursors initially migrate along the 
ventromedial pathway between the neural tube and developing somite, along with other 
NC precursor populations (Dooley et al., 2013; Raible & Eisen, 1994).  Later zebrafish 
melanocyte progenitors then switch to include migration along the dorsolateral pathway 
(Raible et al., 1992). The genetic regulation of melanocyte precursor migration includes 
genes required for NC migration as well as more melanoblast-specific regulators. These 
differ somewhat by species, but it is clear that the regulation of cell signaling and cell 
adhesion is key to successful migration. Some of the regulators are also required for 
melanocyte cell fate, including c-kit (Wehrle-Haller, Meller, & Weston, 2001) in addition 
to Fascin1 (Ma et al., 2013), Cxcr4/Sdf1(Belmadani, Jung, Ren, & Miller, 2009; E. Lee et 
al., 2013; Svetic et al., 2007), Edn3 (Kawasaki-Nishihara, Nishihara, Nakamura, & 
Yamamoto, 2011; H. O. Lee, Levorse, & Shin, 2003; Shin, Levorse, Ingram, & 
Tilghman, 1999), and ErbB receptors (Dooley et al., 2013; Honjo, Kniss, & Eisen, 2008). 
The final larval pattern in the trunk includes a dorsal, lateral, ventral and yolk stripe of 
differentiated melanocytes that then helps to organize the adult pigment pattern. 
It is clear that cell-cell adhesion plays an integral role in cellular movements, 
including NC and melanoblast migration. Cadherins are calcium-dependent cell-adhesion 
proteins that play an essential role in cell recognition, signaling, and migration and are 
divided into several subgroups, including the classical type 1 cadherins, type 2 cadherins, 
and protocadherins (Takeichi, 1988; Yagi & Takeichi, 2000). At the start of NC 
migration, NCCs alter the expression from classical type 1 cadherins (N-cadherin, E-
cadherin) characterized by stronger epithelial adhesion to expression of the weaker more 
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mesenchymal type 2 cadherins, including protocadherins (Chu et al., 2006; Hatta, Takagi, 
Fujisawa, & Takeichi, 1987; Nakagawa & Takeichi, 1995).  
Protocadherins make up the largest subgroup in the cadherin superfamily, 
containing around 70 members, and expressed primarily in the nervous system. 
Structurally similar to cadherins, protocadherins are composed of an extracellular domain 
containing six to seven cadherin repeats, a transmembrane domain, and a cytoplasmic 
domain. Unlike cadherins, the cytoplasmic domain of protocadherins is highly variable 
and lacks b-catenin binding sites (Kohmura et al., 1998; Nollet et al., 2000; Sano et al., 
1993b). Moreover, protocadherin-mediated cell adhesion has been shown to be 
considerably weaker than cadherin-mediated cell adhesion (Sano et al., 1993a), (Yoshida, 
2003),  (Hirano et al., 1999; Yamagata et al., 1999), leading to the idea that 
protocadherins function primarily in cell signaling rather than in a cell-cell adhesion role 
like that of the classical cadherins (Redies, Vanhalst, & Roy, 2005).    
Protocadherin10 (PCDH10, formerly OL-protocadherin) (Hirano et al., 1999) is a 
δ2-protocadherin consisting of six extracellular cadherin motifs, a single-pass 
transmembrane domain, and a small cytoplasmic domain. Previous data have shown that 
PCDH10 is expressed primarily in the brain and central nervous system. In line with this 
expression pattern, PCDH10 has been shown to function in axon pathfinding, and 
guidance as Pcdh10 knockout mice show defects in striatal axon outgrowth in the 
developing ventral telencephalon as well as patterning guidance signals for 
thalamocortical projections (Uemura et al., 2007; Williams et al., 2011). In mice, 
PCDH10 recruits Nap1 and WAVE complex to cell-cell contact sites, resulting in altered 
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assembly of F-actin which in turn causes a redistribution of N-cadherin (Nakao et al., 
2008).  
In zebrafish, because of the early partial genome duplication in teleosts 
(Postlethwait et al., 1998), there are two copies of Pcdh10, Pcdh10a, and Pcdh10b but 
little is known about their function. Neither pcdh10a nor pcdh10b is restricted to the 
brain or central nervous system (CNS) as seen in mouse and chick. pcdh10a is expressed 
in the forebrain and midbrain, but also throughout the trunk of the embryo, in areas not 
associated with the CNS (Thisse et al., 2004). pcdh10b, on the other hand, has very weak 
expression in the brain and relatively strong expression in the developing somites, and 
previous data has shown that a knockdown of pcdh10b using antisense Morpholinos 
caused defects in somitogenesis and somite segmentation (Murakami et al., 2006). These 
data suggest that in zebrafish, Pcdh10 paralogs are not restricted to a role in CNS 
development but have additional roles in the developing embryo.   
 Here we demonstrate that the zebrafish homolog pcdh10a is expressed in NC 
derived melanocytes during their specification, migration and once they reach their target 
destination. Knockdown of pcdh10a causes aberrant migration of melanocyte precursors 
leading to fully pigmented melanocytes that differentiate within the ventromedial 
pathway. Upregulation of pcdh10b compensates for the genetic loss of pcdh10a and loss 
of both paralogs causes an enhanced migratory phenotype and is lethal to the developing 
zebrafish, suggesting that the two paralogs genetically interact during development. 




Materials and Methods 
Zebrafish maintenance and lines 
Zebrafish were maintained as previously described(Westerfield, 1993). Wildtype 
(WT) strains used include AB, TAB and EKK lines (ZIRC) and transgenic lines include 
Tg(sox10:EGFP) (Dutton et al., 2008) Tg(sox10:memRFP)
vu234 
 (Blasky, Pan, Moens, 
& Appel, 2014) and Tg(mitfa:GFP)w47 (Curran et al., 2010). Transgenic fish were used 
alone, in combination with each other or crossed with various mutant backgrounds. 
Developmental staging followed published standards (Kimmel, Ballard, Kimmel, 
Ullmann, & Schilling, 1995). All experiments utilizing zebrafish are approved by UC 
Denver IACUC and conform to NIH regulatory standards of care.   
Genotyping 
Fin clips or single embryos were placed in Lysis Buffer (10mM Tris-HCl (pH8.0) 
50mM KCl, 0.3% Tween 20, 0.3% NP40, 1mM EDTA) for 10 min at 95°C, incubated 
with 50ug of Proteinase K at 55°C for 2-3 hours, and incubated again at 95°C for 10 min. 
For genotyping pcdh10a mutant the following primers were used, (F) 5ʹ- 
CTAAGCTGTGACTGGAGAAGAAG-3ʹ and (R) 5ʹ- GGCGGTGAGCACGTATTT-3ʹ. 
PCR product was then digested with KpnI to distinguish mutant embryos.  
Pcdh10b CRISPR mutants are genotyped using the following primers (F) 5ʹ- 
CGACATCACCACCAACAACTA-3ʹ and (R) 5ʹ- AGTAAATGACCTCTCCGTTTGG-
3ʹ, this 330bp product is then digested using the restriction enzyme MscI, which will 




pcdh10a mutant generation 
TALEN pairs were designed to cut early on in exon 1 using (TALE-NT) 2.0 
(Doyle et al., 2012), which is a freely accessible web-based tool to find TALEN pairs 
with editable parameters and the identification of a unique restriction site in the spacer 
sequence. TALEN pairs were synthesized using the Golden Gate method (Cermak et al., 
2011) using the GoldyTALEN vector (Bedell et al., 2012). GoldyTALEN constructs were 
subsequently linearized with SacI and mRNA encoding each TALEN was transcribed 
using the mMESSAGE mMachine T3 kit (Life Technologies). mRNAs encoding TALEN 
pairs were injected into the cytoplasm of 1-cell stage wild-type AB zebrafish embryos. F0 
injected embryos were outcrossed to wildtype AB zebrafish to check for germline 
transmission. F1 fish found to carry a mutation were then grown to adulthood, fin-clipped 
and sequenced. F1 mutant adults were again outcrossed with AB adults. Identified F2 
mutant adults were used for crosses to generate heterozygous and homozygous F3-F5 
embryos used in experiments.  
Morpholinos and microinjection   
Morpholino oligonucleotides (Gene Tools) were injected at the 1- to 2-cell stage 
together with Rhodamine dextran (Molecular Probes) or Phenol red (Sigma). The 
Morpholinos used in this study are as follows: 
Standard Control: 5’-CCTCTTACCTCAGTTACAATTTATA-3’ 
pcdh10a ATG:     5’-ATCTCCAAACAACAAGTGCACCCCT-3’ 
pcdh10a e2i2:       5’-AGAAGCTCCAGTAGATCTTCATGTT-3’ 
pcdh10b ATG:    5’-GCAAAAACACAAACATCTCCACTCC-3’ 
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pcdh8 ATG:        5’-AGAAGCTCCAGTAGATCTTCATGTT-3’  
pcdh19 e1i1:       5’- AATTGTCTGGGTACCTGCAGTTGTA-3’ 
pcdh18-MOs1: was provided as a gift from James Jontes Ph.D. (Biswas et al., 
2014) 
To control for staging differences in injected embryos, we careful stage and 
somite match the embryos such that each set of embryos are staged matched. 
Time-lapse imaging  
At 24 hpf, embryos were embedded in 0.6% low melting point agarose and 
mounted in a heated chamber imaging chamber (28.5°C).  Z-stack images were obtained 
every 4-6 min from 25 to 35 hpf using a PerkinElmer UltraVIEW VoX Confocal System 
coupled with a Zeiss Axio Observer inverted compound microscope fitted with a 20× 
objective. Using Volocity software (PerkinElmer, Waltham, MA) images were processed 
using deconvolution and contrast enhancement. Four-dimensional volumes were 
assembled and exported as QuickTime movies.  
Quantification of neural crest cell detachments 
Live imaging files were played back frame by frame to look for detachment 
events and determine the length of time the cells remained detached. Based on this we 
were able to find the percent of the total time these cells were detached during the live 
imaging sessions. For example, if a cell is found to detach, it is followed until (A) it 
reforms contact, or (B) the movie ends. If this occurs for three frames (time points) and 
each time point is 4 minutes, the total assigned detachment time is 12 minutes over the 
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live imaging time frame. 
In situ hybridization 
Whole-mount RNA in situ hybridization (ISH) was performed as previously described 
(Johnson et al., 2011; Thisse et al., 2004). DIG-conjugated antisense probes were 
synthesized from full-length transcript sequences in the pCS2+ plasmid to the following 
genes: mitfa, dct (Lister et al., 1999), sox10 (Olesnicky Killian et al., 2009), crestin 
(Rubinstein, Lee, Luo, Henion, & Halpern, 2000), pcdh10b (Murakami et al., 2006), and 
csf1ra (Parichy, Ransom, Paw, Zon, & Johnson, 2000). Fluorescent ISH was performed 
as described (Pineda et al., 2006; C. C. Rossi, Kaji, & Artinger, 2009) using the TSA 
Biotin System (Perkin Elmer, NEL700A001KT) followed by streptavidin Alexa Fluor 
488 antibody (Invitrogen, S11223) to develop FITC-labeled antisense probes and the Fast 
Red Kit (Sigma, F4648) to develop DIG-labeled probes. 
Single-embryo genotyping pcdh10a -/- following ISH was performed as 
described, embryos were incubated at 65°C for 8 hours in 300mM NaCl to remove 
crosslinking events. Embryos were then processed for single embryo genotyping as 
above. For PCR reaction REDExtract-N-Amp™ PCR 2X ReadyMixTm  (Sigma) was used 
and subjected to the same genotyping protocol as above. 
Immunohistochemistry and Western blotting 
Embryos and larvae were fixed in 4% paraformaldehyde (PFA) overnight at 4°C. 
Fixed embryos were embedded in 1.5% agar with 5% sucrose and transferred to a 30% 
sucrose solution in scintillation vials and incubated at 4°C overnight. The blocks were 
then frozen and cut into 10- 15 μm sections using a cryostat microtome. The sections 
were incubated with the following primary antibodies:  Anti-Pcdh10 (MABT20, 
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EMDmillipore), Anti-GFP (A-21311, Invitrogen), Anti-Sox10 (GTX128374, Genetex), 
and Anti-DCT (LS-B6758 LSBio). The Pcdh10 antibody recognizes the cytoplasmic 
domain of mouse Pcdh10 which is 80% conserved with zebrafish pcdh10a and 73% 
conserved with pcdh10b in this domain suggesting that the antibody will preferentially 
recognize zebrafish pcdh10a and not pcdh10b. Antigen Retrieval was performed for 
Pcdh10 antibody labeling (MABT20, EMDmillipore) using a Heat-Induced antigen 
retrieval method. Slides were placed in Plastic coplin jars with Tris-EDTA pH 9.0 buffer. 
Coplin jars were then placed in the water bath and heated up to 95°C held there for 20 
min, taken out of water bath and allowed to cool down to room temp (30 min). Slides 
were processed using normal IHC protocol for sections. Slides were washed in PBS 
several times to remove buffer, then blocked for 30 min at room temp in 10% serum 
blocking buffer then incubated overnight at 4°C with primary antibody in blocking 
buffer. The next day, slides are washed several times in PBS then incubated with 
secondary antibodies for 1 hour at room temp. Slides are then washed several times in 
PBS and cover class mounted with Permafluor (Thermo Scientific). Slides were imaged 
with an UltraVIEW VoX Confocal System coupled with a Zeiss Axio Observer inverted 
compound microscope. All images for a given figure were processed in the same way. 
For western blotting, 35 embryos of each genotype were collected and deyolked at 24hpf. 
Embryos were then lysed in 40ul of RIPA buffer plus PI cocktail for 1hr. Bradford 
protein assay was performed to get protein concentration; then lysates were boiled in 
SDS sample buffer for 5 min at 100°C. Samples were loaded into a 7.5% PAGE gel 
(BioRad). Western blots were probed with Pcdh10 and B-actin antibodies and imaged on 
a BioRad Chemidoc multiplex imager. 
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Preparation of sgRNAs and CRISPR injections into zebrafish 
CRISPR target sites were identified using the ZiFiT Targeter 
(http://zifit.partners.org/ZiFiT/); the selected target sites were then used to make gene-
specific gRNAs. gRNAs were then prepared based on protocols described in (Gagnon et 
al., 2014).  
Prepared gRNAs were co-injected along with 600ng/ul Cas9 Protein (PNA bio), KCl at a 
final concentration of 200mM. Cas9/sgRNA complex was formed by incubating Cas9 
protein with sgRNA at room temperature for 5 minutes before injection. 
Real-Time PCR 
5-10 embryos were isolated using TRIZOL and RNA isolated using Direct-zol 
RNA miniprep kit (Genesee Scientific) and reverse transcribed into cDNA using the 
Superscript III First-Strand Synthesis System for RT-PCR (Invitrogen). Taqman 
Primer/probe assays for pcdh10a (Dr03438990_m1) , pcdh8 (Dr03099200_m1), efl1a 
(Dr03119739_m1)  were used along with Primetime primer/probe from IDT (See below 
for sequences). Assays were run on Applied Biosystems Step One Plus Real-Time PCR 
system. Each assay pair was ran using at least three biological replicates (a group of 5-10 
embryos), and each biological sample was the average of three technical replicates. 
Relative expression levels were determined using the 2-ddct approach. The standard 
deviation for calculating 95% confidence intervals was derived from the standard 





PrimeTime qPCR Assay sequences: 
Table 1. PrimeTime qPCR assay sequences. 
pcdh18b 5’-ATCTACACCGAACAATCCACC-3’ /56-FAM/TCGCGCACG/Zen/TCTTCAAATATGGGA/3IABkFQ/ 5’-TCGCTGGAGTGCTTAGTTG-3’ 
pcdh19 5’-TGAACATGACGTCCAGAGAG-3’ /56-FAM/ACAGCTGTC/Zen/AACGACGTCCTGAAT/3IABkFQ/ 5’-CGACTGATCTTGGTCAGGTAT-3’ 
pcdh15a 
5’-CCAAGCTCCATCACTACCATC-3’ /56-FAM/ACTTCATGC/Zen/AGAATAACCGTTCCCACC/3IABkFQ/ 5’-TTGTCATTTCTGTCCCTCACC-3’ 
pcdh10b 
5’-GACAGTGAACAGGGAGACAG-3’ /56-FAM/ATCGCGGAC/Zen/AGAATAACCGTTCCCACC/3IABkFQ/ 5’-TGTGCAGTTGGAGAACAGG-3’ 
Locked Nucleic Acid (LNA) Probe sets 
pcdh10a 
5’-CACGAGCTACACACACTCTTAC-3’ CAA+A+C+CCAACT+A++TCTG 5’- TAGATGACGGCAGTGGATCA-3’ 
 
Biological replicates, statistics, and quantification 
All experiments were performed with three or more biological replicates. Also, 
qPCR experiments contained at least three technical replicates per biological sample. For 
statistical analysis, Student’s t-test was used unless otherwise noted. 
Results 
pcdh10a is expressed in a subset of migratory neural crest cells 
To determine if pcdh10a is expressed in NCCs and melanocyte precursors during 
zebrafish development, we investigated the expression of pcdh10a by in situ 
hybridization between 18-28 hours post fertilization (hpf). Expression analysis shows that 
pcdh10a is expressed in the dorsal neural tube domain and migratory streams of NCCs 
between 18-24 hpf in a similar pattern as the NC marker, crestin (Fig. 2.1A-G). 
Additionally, at 24 hpf, pcdh10a is expressed in the brain, lens, and otic vesicle as 
compared to crestin expression, demarking the NC domain (Fig. 2.1E). To determine if 
pcdh10a is coexpressed with NCC expressing crestin, we examined pcdh10a expression 
by double fluorescent in situ hybridization (FISH). This analysis showed that pcdh10a 
labels a subset of the crestin positive cells in the dorsal neural tube/NC staging area (Fig. 




Figure 2.1: pcdh10a is expressed in a subset of crestin positive migratory neural 
crest cells (NCCs).  
(A-G) Whole-mount in situ hybridization (ISH) of pcdh10a and crestin expression 
during NCC migration in wildtype zebrafish embryos. (A) pcdh10a is expressed in a 
similar pattern to the NCC marker crestin  (B) Dorsal views at 18 somites. (C,D) 
Lateral views at 18 somites. (E, F) Lateral views at 24 hpf. (G) Lateral view at 28 hpf. 
(H, I, K) Confocal micrograph Z-stack projections of double Fluorescent ISH (FISH) 
at 23hpf and 26 hpf respectively in wildtype zebrafish embryos coexpressing pcdh10a 
(Red) and crestin (Green). Lateral views with dorsal top, ventral down. White arrows 
mark examples of colocalization. Scale bars are 50µm.  (J) Area of imaging for H, I, 
K, L. (K) Representative image of a 12μm cross-section of the embryo in (I). White 
arrows point to areas of colocalization, and white arrowheads point to NCCs in the 
dorsolateral pathway. (L) 12μm cross-section through the trunk of an embryo stained 
for Pcdh10 (Red) immunofluorescence, with neural crest cells expressing sox10:EGFP 
(Green).  Scale bar is 20μm, images are a single 1μm Z-plane.  NT; Neural Tube, n; 
Notochord. Anterior is to the left in all whole mount images. 
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that initiate migration in the front of the stream, referred to as “leader” cells (Fig. 2.1H). 
Of note, leader cells in the cranial region of the chick embryos have recently been shown  
to have distinct gene expression profiles when compared to that of the follower cells 
(McLennan et al., 2015). As NCC migration progresses, pcdh10a colocalizes with crestin 
in a subset of migratory NCCs (Fig. 2.1I). To visualize the expression of pcdh10a in the 
migratory stream, cross-sections of the trunk region of the double FISH embryos were 
performed. Expression of pcdh10a decorates the crestin positive cells in the NC staging 
area, as well as migratory NCCs – including NCCs migrating in the ventral (arrows in 
Fig. 2.1K) and dorsolateral (arrowhead in Fig. 2.1K) pathways. To determine the 
pcdh10a protein expression pattern, we performed immunofluorescence (IF) against 
Pcdh10 on cross sections of 24 hpf embryos. Pcdh10 antibody staining showed strong 
colocalization with neural crest cells expressing Tg(sox10:EGFP) suggesting that Pcdh10 
protein is also localized to NCCs (Fig. 2.1L). These data show that pcdh10a is expressed 
in the NC staging area as well as in migrating NCCs, excluding the leader cell 
population, as noted. Because pcdh10a is not expressed in all NCCs, we predict that 
pcdh10a is important for follower NCCs migrating behind the leader cells and/or in a 
subpopulation of NCCs. 
pcdh10a is expressed in migratory NCC-derived melanocyte precursors 
To determine if a particular subpopulation of NCCs expresses pcdh10a, we 
examined the expression of pcdh10a as compared to NC derivative specific markers. 
Because pcdh10a is expressed in the NCCs migrating in the dorsolateral pathway where 
pigment cells commonly migrate, we investigated whether pchd10a is expressed in 
melanoblasts. To confirm the temporal sequence of melanocyte migration in zebrafish we 
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performed a time course of the melanocyte marker dct at 24 hpf and 36 hpf (Fig. 2.2B-C). 
At 24 hpf, melanocyte precursors are found migrating in the ventromedial pathway (Fig. 
2.2B). At 36 hpf, dct positive melanocytes have begun their migration down the 
dorsolateral pathway (Fig. 2.2C). To determine if pcdh10a expression follows a similar 
temporal and spatial pattern of expression, we performed ISH for pcdh10a over the same 
time period (Fig. 2.2 D-F). At 24 hpf, pcdh10a expression is localized to cells in the NC 
staging area, and as they begin to migrate along the ventromedial pathway (Fig. 2.2D).  
As found for the dct melanocyte marker, pcdh10a expressing cells localize to both the  
ventromedial and dorsolateral pathways at 28 hpf (Fig. 2.2E). By 36 hpf pcdh10a 
expression is localized only to the dorsolateral pathway (Fig. 2.2F). These data suggest 
that pcdh10a is expressed in a similar pattern dct expressing melanocyte precursors. To 
confirm that pcdh10a and dct are expressed in the same cells, we colocalized dct and 
pcdh10a expressing cells using double FISH (Fig. 2.2G-H). At 28 hpf pre-migratory and 
migratory melanoblasts co-labeled with both dct and pcdh10a (Fig. 2.2G; arrows). At 36 
hpf, melanocyte precursors have migrated and have begun differentiating into 
melanocytes that make up the pigmented lateral stripe. While there is expression of both 
pcdh10a and dct that remains in the dorsal region, coexpression is observed in the lateral 
stripe melanocytes (Fig 2.2H; arrows). While some pcdh10a positive cells do not express 
dct at this time point, it is likely that dct expression will turn on at a later time point, but 
we cannot exclude the possibility that pcdh10a is expressed in non-pigmented neural 
crest cells. To confirm that Pcdh10 protein expression recapitulates the RNA expression 
profile, we performed IF on Tg(mitfa:EGFP) transgenic embryos, using the Pcdh10 




Figure 2.2: pcdh10a is expressed in migratory NCC-derived melanocyte 
precursors. 
(A) Schematic for imaging region for B-I. (B-F) Cross-sectional analysis (12μm) of 
ISH comparing the melanocyte marker dct with pcdh10a temporally represented 
across trunk NCC migration time points. (B, C) dct expression in wildtype embryos at 
24 hpf and 36 hpf respectively. (D-F) pcdh10a expression in wildtype embryos at 24 
hpf, 28 hpf, and 36 hpf respectively. The expression of pcdh10a mirrors that of dct 
during melanocyte precursor migration suggesting pcdh10a is expressed in 
melanoblasts. (G, H) Lateral view of whole embryo double FISH comparing 
expression and colocalization of pcdh10a (red) with dct (green). White arrows are 
examples of colocalization. Scale bars are 50μm. Single Z-plane images. (I) 12μm 
cross sections through the embryo trunk stained for Pcdh10 immunofluorescence. 
Scale bar is 20μm, images are a single 1μm Z-plane, scale bar is 20μm. NT is neural 
tube, n is notochord. Anterior is to the left in G-H. 
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(Curran et al., 2010). Consistent with the RNA in situ analysis, Pcdh10 protein is co-
localized with GFP+ cells, including those that label melanocytes migrating down both 
the ventral and dorsolateral pathways (Fig. 2.2I). Combined, these data show that a subset 
of NC derived melanocytes express pcdh10a during the initiation of migration, during 
active migration, and after they arrive at their destination and begin differentiation. 
Loss of function of pcdh10a induces melanocyte migration defects in zebrafish embryos 
Because pcdh10a is expressed in melanocytes, as shown above, we next wanted 
to investigate the function of Pcdh10a in migratory melanoblasts. In order to do so, we 
used two complementary approaches: Morpholino knockdown and TALEN based 
mutagenesis (Fig. 2.3). First, we used both ATG and splice blocking Morpholinos (MO) 
against pcdh10a. Both MOs give similar melanocyte phenotype when injected as 
compared to the standard control MO (Fig. 2.3C, E and Fig 2.4D) but the pcdh10a ATG 
MO required a high dose of MO (20ng) to display the same phenotype as the E2i2 splice 
MO. Because of this, we focus on the splice MO phenotypes from this point forward.  
The pcdh10a splice MO was designed to the exon2-intron2 (E2i2) splice junction, 
predicted to create a truncated RNA transcript. A reduction in transcript size was 
validated using RT-PCR, consistent with a splicing change in pcdh10a mRNA, and a 
predicted disruption to Pcdh10a function (Fig. 2.4B). Additionally, pcdh10a E2i2 MO 
was injected into p53-/- embryos to validate that the phenotype was not caused by an 
increase in p53 activated cell death. We observed similar phenotypes in pchd10a MO-
injected into the p53-/- background (Fig. 2.4C). While p53 mediated cell death is not the 
only cell death pathway, it has reproducibly been found to be the leading cause of cell 




Figure 2.3. Reduction of pcdh10a results in defects in melanoblast migration. 
(A-D) Lateral views of 72hpf embryos. Line represents approximate position of cross-
section. (A) Wildtype embryos with normal larval pigment pattern and all four stripes 
present, with no internal pigment cells. (B) Schematic showing the difference in 
morphology and placement of internal pigment cells vs the other correctly patterned 
stripes (C) Embryos injected with 6ng pcdh10a Morpholino containing several 
internal pigment cells. (D) pcdh10a -/- embryos also contain internal pigment 
cells. (A’-D’) cross-sectional views of a representational embryo from A-C. (E) AB 
embryos injected with 6ng standard control Morpholino show no internal pigment 
cells. (F) ISH at 25hpf comparing wildtype embryo pcdh10a expression to pcdh10-
/- mutant pcdh10a expression. (G) Quantification of the number of embryos with at 
least one internal pigment cell. (H) Quantification of the number of melanocytes at the 
lateral stripe on both sides of embryo. (I) Table, quantification of the ratio between 
number of internal melanocytes vs number of lateral stripe melanocytes. DS. Dorsal 
Stripe, LS. Lateral Stripe, VS. Ventral Strip, YS. Yolk Strip, NT , Neural Tube, DA, 
Dorsal Aorta Y, Yolk. Arrows show locations of example internal pigment cells. ns, 
Not Significant 
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It remains possible that other mechanisms of cell death pathways are upregulated 
following MO injections. Injection of 6ng of pcdh10a E2i2 MO resulted in significant 
defects in melanocyte development, including migration and patterning. In wildtype 
embryos, the larval pigment pattern is formed by migration of the melanocyte precursors 
along the ventromedial and dorsolateral pathway and by 72 hpf consists of four lateral 
melanocyte stripes (dorsal, lateral, ventral and yolk stripe) that form along anterior to 
posterior axis of the larval fish (Fig. 2.3A,A’; schematized in Fig. 2.3B). pcdh10a 
morphants, on the other hand, had a disorganized pigment pattern including vertically 
positioned melanocytes in contrast to normal horizontally positioned, along with several 
melanocytes differentiating internally in a medial position in the embryo                      
 
Figure 2.4. Pcdh10a Morpholino causes deletion of exon 2. (A) Schematic of 
pcdh10a pre-mRNA with ATG and e2i2 MO site and PCR primer binding sites. (B) 
RT-PCR to confirm spice site change in e2i2 MO-injected embryos, in this case, a 
deletion of exon 2. (C) 6ng E2i2 MO injection into p53-/- mutants shows the same 
phenotype with internal pigment cells (red arrows). (D) 10ng pcdh10a ATG 




(Fig. 2.3B, C; red arrows). To confirm that the melanocytes were internally positioned in 
the embryo, the embryos were cross-sectioned, and this confirmed that differentiated 
melanocytes were located along the ventromedial migration route adjacent to the dorsal 
aorta (Fig. 2.3C’; red arrow). Embryos injected with standard control MO did not show 
any internal melanocytes (Fig. 2.3E). Second, we used TALEN targeted gene 
mutagenesis to generate a mutant pcdh10a allele (Fig 2.5). The TALEN was designed to 
create an early frameshift mutation, resulting in a premature stop codon and disrupted 
protein production (Fig 2.5A, B). We then outcrossed the injected F0 adult zebrafish and 
identified four independent pcdh10a predicted null alleles, based on sequencing analysis 
(Fig 2.5C). From these four stable mutant lines, two were maintained for further analysis, 
designated pcdh10aCO1000 and pcdh10CO1001, with pcdh10CO1000 used in the remainder of this study 
 
Figure 2.5. TALEN designed to pcdh10a creates mutants with insertions and 
deletions. (A) Schematic of TALEN recognition sequence for gene editing pcdh10a. 
Spacer sequence marked in yellow containing a KpnI restriction enzyme site marked 
in blue. (B) Schematic of pcdh10a locus. TALEN cut site marked with a black line, 
new reading frame stop codon marked with red arrow. (C) Sequencing revealed a mix 
of insertions and deletions caused by pcdh10a TALEN. pcdh10aCO1000 (Allele #2) was 
used in all future experiments. 
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(referred to as pcdh10a-/- mutants, from this point forward). To assess the consequence 
the frameshift mutation in pcdh10a-/- mutants on pcdh10a expression, ISH for pcdh10a  
mRNA was conducted (Fig. 2.3F). Comparing pcdh10a expression in wildtype and 
pcdh10a-/- mutant embryos, a clear reduction of pcdh10a transcript was detected in the 
mutant (Fig. 2.3F). While the mutation may not affect overall transcript levels, per se, it 
is likely that the nonsense-mediated decay pathway is destroying the transcript (K. E. 
Baker & Parker, 2004). To confirm Pcdh10a protein was reduced or absent, we 
performed IF on cross sections of wildtype and pcdh10-/- mutant embryos at 24 hpf 
through the trunk region (Fig.2.6A, B) and lens of the eye (Fig. 2.6C, D) as compared to 
 
Figure 2.6. pcdh10aCO1000 mutant does not make functional Pcdh10a protein.  
(A-D) Pcdh10 Immunofluorescence on 12μm cross sections. Images are single 1μm 
Z-planes. (A, B) Sections through the embryo trunk comparing staining in wildtype 
(A) and pcdh10a-/- mutants (B). (C,D) Sections through the embryo eye comparing 
staining in wildtype (C) and pcdh10a-/- mutants (D). Western blot for Pcdh10a of 
pooled embryos comparing wildtype to pcdh10a-/- mutant (E).  NT; Neural Tube, L; 
Lens. Scale bars are 50μm 
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wildtype embryos. Additionally, we used western blot analysis to verify that the mouse 
Pcdh10 antibody recognizes zebrafish Pcdh10a as well as verify that protein is reduced in 
pcdh10a-/- mutant embryos (Fig. 2.6E). In both experiments, Pcdh10 protein expression 
was absent in pcdh10a-/- embryos.  Next, we examined the phenotype of pcdh10a-/- 
embryos to determine if the embryos contain mispositioned internal melanocytes, similar 
to that of the morphant embryos (Fig. 2.3D, D’). Interestingly, the pcdh10a-/- mutant 
presented with internal melanocytes; however, we observed a less severe pigmentation 
phenotype than that of the pcdh10a morphant embryos. We quantified this by counting 
the number of embryos containing at least one internal pigment cell.  When compared to 
MO-treated embryos, pcdh10a-/- mutants have a slightly lower percentage of internal 
pigment cells, 62% vs 55%, respectively (Fig. 2.3G).  In addition to the internal pigment 
cells, pcdh10a MO knockdown embryos show a decrease in the number of melanocytes 
located at the lateral stripe. Quantification of the number of melanocytes in the lateral 
stripe demonstrates a significant reduction in morphants but not pcdh10a-/- mutants (Fig 
2.3H). In addition to having a higher percentage of internal pigment cells, pcdh10a 
morphants on average have 3-5 internal pigment cells whereas pcdh10a-/- mutants 
normally have 1-3 internal pigment cells. To quantify this we examined all the embryos 
with internal pigment cells and calculated the averages of internal melanocytes to normal 
melanocytes in the lateral stripe (Fig. 2.3I). The pcdh10a morphants and mutants have a 
very minor developmental delay and we controlled for this but comparing somite and 
staged matched embryos. It is worth noting that the pcdh10a-/- mutants can be maintained 
as homozygous adults, with apparent normal adult pigment patterns, and can be 
successfully bred. Therefore, Pcdh10a has a role in setting up the larval pigment pattern 
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but this is rescued to the normal pattern by the adult stage. We also investigated the 
effects of pcdh10a loss on the other pigment cells including xanthophores and 
iridophores. Using csf1ra (Parichy et al., 2000) as a marker for xanthoblasts at 72 hpf, 
and incident light to observe iridophores at 72 hpf we found no significant differences in 
either cell type when comparing pcdh10a-/- mutants to wildtype embryos (Fig. 2.7). We 
examined other neural crest derivatives including, neurons, dorsal root ganglia, and 
craniofacial cartilage in pcdh10a -/- embryos and did not find any defects (Fig. 2.8). 
Together these data suggest that Pcdh10a is needed in melanocytes during migration in 
order to resolve the larval pigment pattern, in particular the positioning of the lateral 
stripe melanocytes. Additionally, because we observe a difference in severity between the 
 
Figure 2.7. Removal of pcdh10a does not cause reduction of iridophores or 
xanthoblasts. (A, B) ISH at 2 dpf for xanthoblast marker csf1ra in (A) wildtype 
embryos, (B) pcdh10a -/- mutant embryos. (C,D) Incident light images of 3 dpf 
embryos to show yellow reflective iridophores in the eye, dorsal stripe (DS), and 
ventral stripe (VS). (E) Quantification of iridophores shows there was no significant 
difference in the number of iridophores located in the dorsal stripe. 
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pcdh10a MO knockdown and the mutant, it is likely that genetic compensation is 
occurring in the pcdh10a-/- mutant. 
Pcdh10a is required for migration of a subset of melanocytes in the trunk 
To observe the behavior and migration of NC derived melanoblast precursors in 
the absence of pcdh10a, we performed live cell imaging in double transgenic 
Tg(sox10:mRFP,mitfa:GFP) embryos from 24-34 hpf, during the time of active trunk 
melanoblast migration. For each imaging experiment, we imaged over 5 somite lengths in  
 
Figure 2.8. Removal of pcdh10a does not cause defects in other neural crest 
derivatives. (A-D) Whole-mount Immunofluorescence with HuC antibody at 5 dpf 
(A, B) No difference was observed in Enteric neurons between wildtype (A) and 
pcdh10a -/- (B) embryos. (C,D) No observed difference in Dorsal root ganglia (DRG) 
between wildtype (C) and pcdh10a -/- (D) embryos. (E, F) Alcian Blue stain at 5 dpf. 
No observed difference in craniofacial structure between wildtype (E) and pcdh10a -/- 
(F) embryos. 
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the area above the yolk extension at or before the time of lateral line nerve migration. In 
wildtype embryos, NCCs migrate in a stereotypic manner, beginning in the dorsal neural 
tube and continue during the course of migration to the ventral side of the embryo in 
narrow continuous streams of cells along the center of the somite in a directed manner 
(Fig. 2.9A). In addition, in imaging of wildtype embryos, we observed three events where 
we were able to capture the melanocyte precursor crossover from the ventral to the 
dorsolateral pathway via migration through the horizontal myoseptum (Movie 3, 4), as 
observed previously (Dooley et al., 2013). Because the pcdh10a MO can easily be 
injected in transgenic embryos, we focused our analysis on the knockdown embryos. 
Imaging embryos injected with pcdh10a MO showed NCCs detaching from one another 
within the migratory stream, which is rarely observed in wildtype embryos (Fig 2.9A) 
and was not observed in embryos injected with standard control MO (Fig 2.9D).  When 
the NCCs lose their attachment to another NCC, the detached cell would lose its 
directedness of migration, round up, and stall (white arrows, Fig. 2.9B, inset, 2.9C, 2.9E 
Movie 1, 2; quantification in Fig. 2.9H). We analyzed cells over 5 somite lengths in 
wildtype, morphant and mutant embryos (n=6, wildtype; n=8 morphant; n=8 mutant). In 
general, the cell numbers between these conditions are similar (Figure 2.9). In wildtype 
NCCs, we would observe detachment events from the migrating stream only when NCCs 
undergo cell division (n=2), these detachments were excluded from quantification in (Fig 
2.9G, I) because they were a result of natural cell division. The pcdh10a knockdown 
NCCs that became detached from others in the stream were always co-labeled with both 
sox10 and mitf transgenic reporters, suggesting the cells were melanocyte precursors 




Figure 2.9. pcdh10a knockdown causes defects in NCC migration.  
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Figure 2.9. pcdh10a knockdown causes defects in NCC migration. (A-D, F) 
Lateral views of double transgenic zebrafish Tg(sox10:mRFP,mitfa:GFP), membrane 
RFP has been changed to gray scale. (A) Control non-injected NCCs 28hpf. (B,C) 
Lateral view of pcdh10a morphant NCCs at 28hpf show defects in NCC migration, 
including in mitfa+ melanoblasts. White arrows mark NCCs that have detached from 
other NCCs in the migrating streams. Red arrows mark NCCs that have aggregated 
within the neural tube domain. (D)  Lateral view at 28hpf of embryos injected with 
Standard Control MO. Scale bars are 120μm. (E) Time series showing the detachment 
of a neural crest cells in pcdh10a MO injected embryos, scale bars are 10μm. (F) 
pcdh10a -/-Tg(sox10:mRFP,mitfa:GFP) embryo with subtle NCC aggregations (red 
arrows).  (G) Quantification of the duration of cell detachment events across all 
samples. (H) Percent of total time NCCs are detached from other NCCs in Control and 
morphant embryos.(I) Table, comparison of the number of embryos imaged and the 
number of detachment events that occurred across all samples. * denotes P value of 
.0062 
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injected embryos, NCCs formed aggregations of cells throughout the migration route, and 
especially after having migrated a short distance from the dorsal neural tube domain (red 
arrows, Fig. 2.9C) and we never observed the crossover events from the ventral to the 
dorsolateral pathway. Together, these data suggest that Pcdh10a plays a role in 
melanocyte precursor migration and likely affects cell adhesion between adjacent NCCs 
during migration. To determine if the detachment and adhesion phenotypes are observed 
in the pcdh10a-/-  mutant we crossed the double transgenic fish 
Tg(sox10:mRFP,mitfa:GFP) with the pcdh10a-/- allele, subsequently in-crossed 
generated adults, ultimately deriving homozygous pcdh10a-/- mutants that were also 
double transgenic. When these embryos were imaged as above, we observed minor 
migration phenotypes including NCC aggregations, an example of this in (Fig 2.9F red 
arrows), that were similar to the pcdh10a MO knockdown in (Figure 2.9C. However, the 
significant migration phenotypes were not observed in pcdh10a-/- 
Tg(sox10:mRFP,mitfa:GFP) (Movie 5). We compared the average duration of each 
detachment and found pcdh10a morphants have significantly longer (Fig. 2.9G) and more 
detachment events. Out of the 12 pcdh10a morphants imaged, we observed were 45 
detachment events as compared to 2 detachment events in 8 pcdh10a -/- embryos imaged 
(Fig 2.9H).   
The pcdh10a paralog pcdh10b genetically compensates for loss of pcdh10a 
Upon generation of Tg(sox10:mRFP,mitfa:GFP), pcdh10a-/- embryos to perform 
live imaging; we observed that the pcdh10a homozygous mutants did not display the 
same migration phenotypes as in Tg(sox10:mRFP,mitfa:GFP) injected with pcdh10a MO. 
Imaging in pcdh10a-/- background resulted in subtle clumping of migrating NCCs but 
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not the detachment or severe clumping of NCCs that we observed in the pcdh10a 
morphants. This suggests that either we are unable to observe a migration phenotype in 
pcdh10a-/- mutant embryos, or there is another gene that is compensating for the genetic 
loss of pcdh10a. 
To test the hypothesis that another gene was genetically compensating in 
pcdh10a-/- mutant embryos, we focused on the expression of additional protocadherin 
family members in the melanocyte lineage.  Previous studies have identified that genetic 
compensation is often the result of upregulated paralogs in the mutant embryo (A. Rossi 
et al., 2015). Using RNA-seq data generated from sorted melanocytes (Higdon et al., 
 
Figure 2.10. Other protocadherins are upregulated in pcdh10a mutants. 
qRT-PCR of mRNA expression analysis comparing wildtype embryos to pcdh10a 
morphants, and pcdh10a mutants. Expression levels normalized to ef1a. Error bars 
represent 95% confidence intervals. Wildtype n=3, Mutant n=5, Morphant expression 
has n=3. * denotes P=Value <.05 
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2013) we found that several other protocadherins are expressed in melanocytes, including 
pcdh18b, pcdh19, pcdh8, pcdh15a, and pcdh10b. We confirmed the RNA-seq results with 
qRT-PCR. Whole embryo lysates using TaqMan assays for pcdh18b, pcdh19, pcdh8, 
pcdh15a, pcdh10b and found a few of the other protocadherins were statistically 
upregulated in the pcdh10a mutant (Fig. 2.10). To test whether any of these Pcdh family 
members were functionally compensating, we obtained MOs to knockdown pcdh18b 
(Biswas et al., 2014), pcdh8, pcdh19, pcdh10b (Gene Tools) by injecting them into 
wildtype and pcdh10a-/- mutant embryos (data not shown). Of these five protocadherins, 
only knockdown of the paralog pcdh10b increased the severity of the pcdh10a mutant 
phenotype (Fig. 2.11, described more below). Consistent with a paralog that would be 
compensating in mutant embryos, qRT-PCR analysis identified that, compared to 
wildtype embryos, pcdh10b expression is significantly upregulated in pcdh10a-/-  
mutants, but not in pcdh10a morphant embryos (Fig. 2.11A). To confirm this, we 
performed ISH for pcdh10b in pcdh10a mutants and demonstrated that pcdh10b 
expression is increased, especially in the trunk region where NCCs are actively migrating 
(Fig. 2.11B, C). To further test if pcdh10a/b paralogs genetically interact and/or function 
together, we injected pcdh10b, and standard control MOs into pcdh10a-/- mutant and 
wildtype embryos (Fig. 2.11 D-I). Based on previous data, (Murakami et al., 2006) we 
expected that following pcdh10b knockdown the injected embryo would have somite 
segmentation defects. In wildtype embryos, pcdh10b MO-injected at 1-2ng display 
somite defects resulting in curved tails (Fig. 2.11E). In pcdh10a mutants injected with  
pcdh10b MO, we observed similar somite defects and interestingly, a reduction in 








Figure 2.11. pcdh10b is up-regulated and genetic compensates in pcdh10a mutant 
embryos  
(A) Real-time PCR comparing wildtype embryos to pcdh10a-/- mutants, normalized 
to ef1a,  * denotes P-Value <.05. (B-C) ISH probing for pcdh10b expression in (B) 
wildtype and (C) pcdh10a-/- mutants. (D-I) Whole-mount lateral views of 72hpf 
embryos. Wildtype embryos with no Morpholino injected (D), 2ng pcdh10b 
Morpholino injected (E), Standard control Morpholino injected (F).  (G,H,I) 
Homozygous pcdh10a-/- mutants. With no Morpholino injected (G), 2ng Morpholino 
injected (H), Standard control Morpholino injected (I). Insets are blown up images to 
highlight internal melanocytes (red arrows) or lack of internal melanocytes.  (J) 
Mortality rate percent of wildtype embryos and mutant embryo injected with pcdh10b 
Morpholino. (K, L) Representative images of sibling embryos at 72hpf from the same 
cross. (K) pcdh10a-/- embryo that is wildtype for pcdh10b. (L) Embryos that are 
homozygous mutants for both pcdh10a and pcdh10b paralogs. Insets are blown up 
images to highlight internal melanocytes (red arrows). (M) Quantification of the 
percent of embryos with internal pigment cells. ,  (N) Quantification of the number of 
melanocytes in the lateral stripe, **** denotes P-value of 0.0001. (M, N) wildtype 
n=80, AB 1ng pcdh10a MO n=59, AB 2ng pcdh10a MO n=39, pcdh10a -/- 1ng 
pcdh10b MO n= 113, pcdh10a -/-, 2ng pcdh10b MO n=22. 
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(Fig. 2.11H). These observed phenotypes were not seen in pcdh10a -/- injected with 
standard control MO (Fig. 2.11I). To confirm this pcdh10b MO phenotype in the pcdh10a 
-/- background, we constructed a stable pcdh10b CRISPR mutation in the pcdh10a-/- 
mutant background (Fig. 2.12). Double pcdh10a and pcdh10b mutants displayed 
numerous internal pigment cells (Fig. 2.11K, L red arrows) and curly tails, as seen in the 
pcdh10a mutant embryos injected with pcdh10b MO (Fig. 2.11H). This confirmed that 
pcdh10b is genetically compensating for the loss of pcdh10a.  In addition, there is a 
dramatic increase in embryonic mortality in pcdh10a mutants injected with the pcdh10b  
MO when compared to wildtype embryos injected with the same dose of MO (56.2% vs 
8.8%, respectively, for 1ng dose and, 80% vs 14.3%, respectively, for 2ng dose; Fig. 
2.11J). Again, we quantified the percent of embryos that contained internal pigment cells 
and found that while hard to recover, 100% of pcdh10a -/- embryos injected with 2ng of 
pcdh10b MO had internal pigment cells (Fig. 2.11M). Additionally, all embryos injected 
with pcdh10b MO had statistically fewer melanocytes in the lateral stripe (Fig. 2.11N) To  
  
 
Figure 2.12. CRISPR mutant design for pcdh10b. (A) Schematic of the pcdh10b 
locus. PAM site marked with a black line, new reading frame stop codon marked with 
red arrow. (B) Sequencing revealed an allele with a 13bp deletion that deletes a MscI 
restriction enzyme site (red) used for genotyping. PAM sequence in green, gRNA 




Figure 2.13. Knockdown of pcdh10b in pcdh10a mutants restores NCC migration 
defect. Lateral views of double transgenic zebrafish Tg(sox10:mRFP,mitfa::GFP), 
membrane RFP has been changed to grayscale. (A) Control wildtype embryos injected 
with pcdh10b MO NCCs 28hpf. (B, C) Lateral view of pcdh10a mutants injected with 
pcdh10b MO NCCs at 28hpf show defects in NCC migration, including in mitfa+ 
melanoblasts. White arrows mark NCCs that have detached from other NCCs in the 
migrating streams. Red arrows mark NCCs that have aggregated within the dorsal 
domain. (D) Percent of total time NCCs are detached from other NCCs in pcdh10b 
MO alone and pcdh10a-/- injected with pcdh10b MO embryos. * denotes P value of 
.035. Scale bar is 30um. (E) Quantification of the duration of cell detachment events 
across all samples, ** denotes P value of .006 (F) Table, comparison of the number of 
embryos imaged and the number of detachment events that occurred across all 
samples. 
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determine if reduction of pcdh10b in Tg(sox10:mRFP,mitfa:GFP) pcdh10a-/- embryos 
generate the phenotype observed in pcdh10a knockdown embryos (Fig. 2.3), we next  
injected the pcdh10b MO at a 1ng dose, since 2ng is lethal to the embryos, into 
Tg(sox10:mRFP,mitfa:GFP); pcdh10a-/- embryos and performed live cell imaging (Fig. 
2.13). Interestingly, we observed a small but significant increase in the number of 
detachment events in pcdh10a mutants injected with pcdh10b MO as compared to 
wildtype embryos injected with pcdh10b MO (Movie 6; Fig. 2.13D). We also observed 
that the duration of the cell detachments was similar to what was observed in embryos 
injected with pcdh10a MO (Fig 2.13E), also the number of observed events to embryos 
imaged was more than what was observed in pcdh10a -/- alone or pcdh10b MO alone 
(Fig 2.13F).  Thus, pcdh10b expression either within NCCs or in the somites can 
compensate for the genetic loss of pcdh10a. These data together suggest that pcdh10b is 
upregulated in the absence of pchd10a, that pcdh10b is compensating for the loss of 
pcdh10a, and the two proteins together are necessary for embryo survival. 
Discussion 
Here we demonstrate a role for Pcdh10a in NC derived melanocyte migration, 
along with a novel interaction with its paralog Pcdh10b. pcdh10a is expressed in 
premigratory melanocytes residing in the dorsal neural tube NC staging area and 
continuously expressed during melanocyte precursor migration and arrival to the target 
tissue.  While removal of pcdh10a does not appear to affect the specification of 
melanocytes, it does impair melanocyte precursor migration at later stages. We 
determined that MO knockdown or genetic knockout of pcdh10a causes melanocyte 
precursor to stall in the ventromedial pathway and inappropriately form fully pigmented 
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melanocytes around the notochord and gut cavity. We show that differentiating 
melanocytes are stalled melanocyte precursors and that during migration, loss of cell-cell 
contacts with other migrating NCCs causes the melanocyte precursors to round up, lose 
their directedness of migration, and stall. Because the genetic knockout of pcdh10a was 
less severe in phenotype than the pcdh10a MO knockdown, we determined that the 
pcdh10a paralog, pcdh10b, is being upregulated in the mutant but not morphant embryos, 
suggesting a compensatory role. By removing both pcdh10a and pcdh10b, the phenotype 
of the pcdh10a mutant was similar to that of the pcdh10a MO embryos. Further, while 
removal of either paralog alone is not lethal, removal of both paralogs is lethal to the 
embryos during larval stages. 
pcdh10a and pcdh10b play a role in cell adhesion and guidance 
We show that pcdh10a is required in the migration of a subset of NC derived 
melanocytes in the developing zebrafish. Pcdh10 has mainly been investigated in brain 
development and cancer. PCDH10 in humans is a proposed tumor suppressor and is often 
epigenetically silenced by promoter methylation in various types of cancer (Bertrand et 
al., 2011; Berx & van Roy, 2009; Zhong, Zhu, Mao, Zhang, & Zheng, 2013). In mouse 
CNS development, Pcdh10 was found to be highly expressed by striatal axons in the 
developing ventral telencephalon. Protein expression is localized to axons and 
specifically in their growth cones, strongly suggesting that it has a role in axon guidance 
and pathfinding. While our expression analysis shows pcdh10a expression in the brain 
and other parts of the CNS, we also demonstrate that pcdh10a is expressed in NC derived 
melanocytes (Fig. 2.1, 2.2). This was also confirmed by (Higdon et al., 2013) by sorting 
melanocytes at 3 dpf, then comparing their gene expression profile to that of other 
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pigment cells and non-pigment cells. It was found that pcdh10a was highly enriched in 
melanocytes at this stage. However, at 3 dpf, this dataset focuses on genes expressed 
once melanocytes have stopped migrating and have begun to develop the larval pigment 
pattern. The scope of our study is at an early time frame during melanocyte migration. 
We cannot rule out the possibility that pcdh10a is also expressed in other neural crest 
derived cells at this early stage but are not required for their function since the pcdh10a 
knockout and morphant embryos do not display any other neural crest phenotypes. 
 Coordinated migration of melanocyte precursors is required for setting up the 
larval pattern in zebrafish embryos. In contrast to other vertebrates, zebrafish show early 
migration of melanocyte precursors along both dorsolateral and ventromedial pathways. 
At first, melanocyte precursors begin to migrate down the ventromedial pathway to 
populate the ventral stripes and lateral stripes, and as we confirm, melanocyte precursors 
can also cross over to the dorsolateral pathway via migration through the horizontal 
myoseptum (Dooley et al., 2013); Movie 3, 4). Approximately two hours later 
melanocyte precursors begin to migrate along the dorsolateral pathways to populate all 
four stripes. Here we show that when pcdh10a is removed, melanocytes stall along the 
ventral pathway but not in the dorsolateral pathway, suggesting that Pcdh10a is required 
only in melanocyte precursors that migrate in the ventral pathway (Fig. 2.3). pcdh10a 
may be acting as a part of contact inhibition of locomotion (CIL) machinery while the 
melanocytes are migrating in the stream of NCCs. It has been well established that NCCs 
use CIL while migrating throughout the developing embryo (Carmona-Fontaine et al., 
2008). Previous work has shown the Pcdh10 may be involved in CIL. In cell culture, 
Pcdh10 interacts with components of the WAVE-mediated actin assembly machinery. 
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When Pcdh10 was introduced into U251 cells, it caused Nap and WAVE1 to localize at 
cell-cell contact sites, and these Pcdh10 expressing cells also showed accelerated, 
uncooperative cell movements when engaged in cell-cell contact (Nakao et al., 2008). 
Since reduced pcdh10a expression results in melanocytes that lose contact with other 
NCCs, have reduced directedness of migration and stall in the ventromedial pathway 
during migration (Fig. 2.9), it is conceivable that Pcdh10a is controlling the migration 
dynamics of melanocyte precursors by responding to cell-cell contact through CIL. 
Alternatively, it is interesting that the stalled melanocytes are usually within the vicinity 
of the crossover point at the horizontal myoseptum (Fig. 2.3B). This would suggest that 
pcdh10a may be needed for melanocytes to cross over the horizontal myoseptum and 
emigrate into the dorsolateral pathway. Consistent with this hypothesis, pcdh10a is 
expressed at low levels in the melanocyte precursors and thus may be functioning cell 
autonomously. Interestingly, pcdh10b is also expressed throughout the somites in 
zebrafish and therefore it is possible that as migrating melanocyte precursors are traveling 
along the somites in the ventral pathway they are responding to, and being guided by a 
Pcdh10a-Pcdh10b interaction. Alternatively, an interaction between Pcdh10a and 
Pcdh10b may be required for crossover into the dorsolateral domain. Further 
investigation is required to test these possibilities. 
 Our findings also reveal that the paralog to pcdh10a, pcdh10b, is genetically 
compensating for the loss of pcdh10a in the pcdh10a-/- embryos, diminishing the 
phenotype when compared to the phenotype seen in pcdh10a morphant embryos (Fig. 
2.11). This is a dilemma in the zebrafish field; discrepancies arising in observed 
phenotypes derived from MO induced gene knockdown and genetic mutants. With the 
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advances in genome engineering technology such as TALENs and CRISPR (Cermak et 
al., 2011; Hwang et al., 2013) there has been an increase in the number of mutants made 
using reverse genetic approaches. With this increase in available mutants, it has been 
shown that a number of mutants do not share and/or completely lack the phenotypes seen 
in their corresponding MO phenotype. While a number of these discrepancies could be 
the result of MO off-target effects (Kok et al., 2015), it was also found that weaker 
phenotypes observed in the mutants may be caused by genetic compensation (A. Rossi et 
al., 2015). Here we show that pcdh10a morphant embryos have a severe melanocyte 
precursor migration phenotype, while pcdh10a mutants display a milder migration 
phenotype. Similar to previous studies (A. Rossi et al., 2015) we found that while other 
protocadherins were upregulated in the pcdh10a-/- mutant, it is the paralog pcdh10b that 
is genetically compensating for the loss of pcdh10a. Interestingly, if either of the paralogs 
is knocked out/down separately, the embryos are viable but when both paralogs are 
removed, nearly all of the embryos die within the first 2 days.  Future experiments are 
required to address the mechanism by which pcdh10b compensates for the role of 
pcdh10a. In addition, it will be interesting to investigate the dynamic of the increased 
lethality seen when both paralogs are removed.  In conclusion, these studies have 
demonstrated a role for Pcdh10a in melanoblast migration and in the regulation of the 





 This body of work demonstrated the importance of the cell adhesion molecule 
Protocadherin10a (Pcdh10a) in the migration of melanocytes and in regulating the larval 
pigment pattern in zebrafish embryos. Previously, nothing was known about the role of 
Pcdh10a in zebrafish, and this work has helped to fill that gap in knowledge. I have 
shown that pcdh10a is expressed in NC derived melanocytes before and during their 
migration, and as they differentiate. Using loss-of-function analysis, I show that Pcdh10a 
has a role in establishing the pigment pattern in larval zebrafish, but not in the adult 
pigment pattern. In this section, I will postulate how Pcdh10a may function in 
melanocytes to modulate migration. Additionally, my studies revealed that in pcdh10a 
mutants there is genetic compensation for the loss of pcdh10a by upregulation of the 
paralog pcdh10b. This is an emerging discussion in the zebrafish genetics field and will 
be discussed in greater detail in this chapter.  
Expression and role of Pcdh10a in neural crest derived melanocytes 
 During NC specification, before migration, most NC derivatives begin to express 
genes that will control their differentiation program. For melanocytes, the gene that 
controls this progress towards becoming a melanocyte is the transcription factor mitfa 
(Bejar et al., 2003). My data show that before and during migration, melanocytes 
expressing mitfa also express a cell adhesion gene pcdh10a. The fact that pcdh10a is 
expressed both before and during migration would suggest that Pcdh10a has a role in cell 
migration. During this time period, pcdh10a expression is found in melanocytes that are 
migrating along both the ventromedial and dorsolateral pathways. Later in development 
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(at 36 hpf) when melanocyte migration is complete, pcdh10a mRNA expression localizes 
mostly to melanocytes that will become the lateral melanocyte stripe, which runs adjacent 
to the lateral line nerve. Additionally, melanocytes still express pcdh10a at 72 hpf 
(Higdon et al., 2013). These data together suggest that Pcdh10a is not only needed during 
migration, but the fact that pcdh10a is continually expressed after the melanocytes have 
reached their destination suggests that it must play an additional role for differentiated 
melanocytes.  
When pcdh10a is knocked down or deleted, melanocytes migrating to the lateral 
stripe are affected the most, causing a reduction in their number as well as leading to 
differentiated melanocytes positioned in the ventromedial pathway in positions near the 
lateral stripe. Knowing that a small subpopulation of melanocytes uses the horizontal 
myoseptum to cross over from the ventromedial pathway to populate the lateral stripe 
suggests that this population of melanocytes requires Pcdh10a to crossover to the 
dorsolateral pathway (Figure 3.1). Interestingly, if this were the case it would also 
suggest that since Pcdh10a is a cell adhesion molecule with an extracellular domain, there 
is possibly another extracellular protein or another protocadherin that Pcdh10a interacts 
with to help guide these melanocytes to cross over the somite. There is accumulating 
evidence that protocadherins act in this fashion, acting as guidance factors for axons and 
dendrites during neural outgrowth (Hayashi & Takeichi, 2015; Kahr et al., 2013). It 
would be interesting to identify what other proteins are interacting with Pcdh10a. 
Immunoprecipitation pull-down experiments for Pcdh10a followed by probing with 
antibodies of possible candidates and/or mass spectroscopy would be a good way to 
identify interacting proteins.  
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 I used live cell imaging to investigate cell dynamics during melanocyte migration. 
Using confocal imaging in zebrafish, I was able to watch how single labeled cells or 
groups of cells migrated in vivo in a developing zebrafish. NCC migration was affected 
differently depending on the location of the neural crest cells during migration. As 
mentioned in the introduction chapter, as NCCs undergo EMT and eventually migrate, 
adhesion genes being expressed by these cells constantly change from gene products 
providing more adhesion to those that are less adhesive. In response to pcdh10a 
knockdown with Morpholino, NCC migration was severely perturbed. Dorsally in 
pcdh10a knockdown embryos, migrating melanocytes appear to be more adhesive than in 
wildtype embryos, leading to clumps of cells forming in the dorsal neural tube domain. 
Dynamically it appears these cells will migrate normally, but when they come in contact 
 
Figure 3.1 Schematic of neural crest derived melanocyte migration. 
Melanocytes emerge from the dorsal part of the neural tube (NT). Initially 
melanocytes migrate down the ventromedial pathway (black arrow), a couple hours 
into migration, melanocytes will also begin to invade and migrate down the 
dorsolateral pathway (green arrow). A small population of melanocytes will migrate 
(black dashed line) through an area of the somite called the horizontal myoseptum to 
contribute to melanocytes in the lateral stripe (asterisk) n = notochord.  
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with other cells, they tend to clump and then slowly resolve to normal migration. There is 
evidence in neuronal synapse development for Pcdh8 engaging in homophilic binding 
when two cells touch, resulting in Pcdh8 associating with N-cadherin and the activation 
of TAO2 which then results in endocytosis of the Pcdh8-N-cadherin complex ultimately 
leading to enhanced motility (Yasuda et al., 2007). With Pcdh10a, something similar 
could be happening. In cell culture, Pcdh10 was shown to interact with the Nap1/WAVE 
complex, which when complexed to Pcdh10, redistributed N-cadherin away from cell-
cell junctions (Nakao et al., 2008). With a loss of pcdh10a, melanocytes in the dorsal 
neural tube domain may be less able to lose the stronger adhesions, when cells 
subsequently come in contact during migration.  I observe the opposite of this when 
melanocytes are imaged more ventrally in the embryo, where migrating NCCs have 
formed single cell-width chains of ventrally migrating streams of NCCs. In this area of 
migration, in the pcdh10a morphants, I observed melanocytes detaching from other 
NCCs in the stream and then appearing to migrate around without direction. In zebrafish 
trunk NC migration, chains of NCCs are formed as cells migrate down ventrally 
extending axons of spinal motor neurons. Another protocadherin, Pcdh17, has also been 
shown to interact with the Nap1/WAVE complex. When Pcdh17-expressing growth 
cones come in contact with other Pcdh17 axons, the homophilic interactions promote the 
growth cone to extend along the other axon (Hayashi et al., 2014). If there is a similar 
role for Pcdh10a in melanocytes (where Pcdh10a helps promote migration, and guide the 
cells down the motor neuron axons), absence of Pcdh10a would result in melanocytes 
being unable to maintain this chain migration and thus lose their directionality. 
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 It was very interesting to see two different phenotypes depending on the location 
of the cells, with more adhesiveness in the dorsal neural tube domain and then less 
adhesiveness and loss of contact when the cells were in single file streams. I postulate 
that the differences in migration I observed are a result of the different cellular 
environments of dorsal vs ventral NCCs. A melanocyte closer to the dorsal neural tube 
domain likely expresses significantly different adhesion factors versus a melanocyte that 
is in the ventral domain migrating in chains down the motor neuron axons. Nonetheless 
the overall defect with the removal of pcdh10a is that melanocytes are not able to 
respond appropriately to cell-cell contact during migration. 
Morpholinos and genetic compensation in zebrafish 
With the development and increased use of reverse genetic tools, such as TALEN 
and CRISPR, there has also been an accompanying increase in the differences of 
phenotypes seen between corresponding knockouts and knockdowns. As mentioned in 
chapter II, when pcdh10a is genetically removed using genome engineering I do not 
observe as severe a phenotype as when I knockdown pcdh10a with splice blocking MO. 
Interestingly, I also observed a more mild phenotype when I injected a pcdh10a 
translation blocking MO. It is possible that the translation blocking MO didn’t have a 
strong phenotype because another ATG start site downstream of the one being blocked 
was used and a transcript was still formed. In pcdh10a mRNA, there are two other in-
frame start sites that would still incorporate most of the functional gene bypassing the 
translation blocking MO. Conversely, it is possible that the E2i2 Splice MO causes 
defects with the mRNA itself. Splice blocking MO’s can sometimes lead to the activation 
of cryptic splice sites downstream of the MO binding site and could potentially lead to an 
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mRNA that has a completely different reading frame then that of the wildtype transcript 
(Morcos, 2007). Additionally, it would be easy to hypothesize that the resultant mRNA 
with a splicing defect could result in a dominate negative form of the protein that results 
in interference with the normal mRNA produced and thus causing the observed 
phenotypes. It would be very interesting to do follow up studies to investigate how the 
pcdh10a E2i2 MO is affecting pcdh10a splicing and the resultant mRNA. 
Similarly to what I have found for pcdh10a, others have found that more severe 
phenotypes are seen following antisense knockdown than observed in the full genetic null 
organisms (Kok et al., 2015). A small percentage of these differences can be attributed to 
off-target effects or toxicity of the Morpholino, which in most cases can be mitigated 
using careful controls (Schulte-Merker & Stainier, 2014; D. Y. Stainier, Kontarakis, & 
Rossi, 2015; D. Y. R. Stainier et al., 2017). However a large portion of these differences 
is now being attributed to genetic compensation in response to gene knockout (El-
Brolosy & Stainier, 2017). Genetic compensation occurs when genes that are similar to or 
belong in the same family as the affected gene are upregulated to functionally 
compensate for the targeted gene. In this work, I demonstrate that mRNA of several 
protocadherins are upregulated in the pcdh10a mutant, but that the paralog pcdh10b 
genetically and functionally compensates for the loss of pcdh10a. Interestingly, on its 
own, pcdh10b MO knockdown in zebrafish does not result in a severe phenotype, in that 
a slight somite defect is observed but is not lethal to the embryos. I observed drastically 
different results when I introduce the pcdh10b MO into the pcdh10a mutant; even at very 
low MO doses, I observed a return of the original pcdh10a MO phenotype, as well as 
severe lethality when both paralogs  are removed in embryos. This strongly suggests that 
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pcdh10b compensates for the genetic loss of pcdh10a. One interesting problem that arose 
when using the pcdh10b MO in the pcdh10a mutant was that there appeared to be a 
dosage compensation effect. At a low injection dose of 1 ng of pcdh10b MO, there was 
not a strong effect on the observed phenotype. However, injecting up to 2ng, which is 
still considered a low dose for morpholinos, resulted in approximately 90% death in the 
injected pcdh10a mutants, with any surviving embryos full of internal pigment cells. This 
made the pcdh10b Morpholino difficult to work with because at 1 ng, I likely did not get 
full knockdown, whereas 2 ng with full knockdown caused embryonic lethality in the 
absence of pcdh10a. Interestingly, when I made the double mutant for pcdh10a and 
pcdh10b, the severity of phenotype seen was somewhere between of the original pcdh10a 
mutant and the pcdh10a mutant injected with the pcdh10b MO. This suggests that in the 
double mutant, another orthologue is likely being upregulated to compensate for the loss 
of both paralogs.  
This brings up interesting questions of how many mutant alleles must be removed 
to get rid of all the compensatory actions. To address this, groups are trying to learn more 
about what drives genetic compensation in response to genetic mutations. One current 
idea that could be applicable to pcdh10a compensation was put forth by (Schuermann, 
Helker, & Herzog, 2015). This group proposes that the degree of genetic compensation is 
proportional to the amount of nonsense-mediated decay (NMD) seen in the mutant 
transcript. By injecting morpholinos against two genes that have a role in NMD, the 
authors were able to restore the more severe phenotype. They propose that the RNA 
fragments generated by NMD, while short lived, could be affecting gene expression.  
This is very applicable to why I see such a mild phenotype in the pcdh10a mutant, 
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referencing ISH for pcdh10a in pcdh10a mutants (Figure 2.4. D). I observe virtually no 
pcdh10a mRNA transcript in the pcdh10a mutant, which corresponds to a high degree of 
NMD. It would be interesting to block genes involved in NMD in the pcdh10a mutant to 
see if NMD has any effect on the severity of the phenotype as well as limiting the extent 
of genetic compensation.  
At the mRNA level, the fragments of RNA generated by NMD could be acting 
like long noncoding RNAs, which have been shown to regulate gene expression along 
with interacting with chromatin (Vance & Ponting, 2014). Additionally, it is also possible 
that genetic compensation could be driven by RNA binding proteins (RBPs) (Glisovic, 
Bachorik, Yong, & Dreyfuss, 2008). RBPs have been found to coregulate functionally 
related proteins (Gerber, Herschlag, & Brown, 2004; Keene & Tenenbaum, 2002), 
suggesting the possibility that pcdh10a and pcdh10b could interact with the same set of 
RBPs. In the absence of pcdh10a mRNA due to NMD, it is possible that mRNA for 
pcdh10b is actively being stabilized by RBPs that would normally bind to pcdh10a, 
thereby increasing pcdh10b expression. 
 While this thesis has provided new information on how Pcdh10a and Pcdh10b 
have a role in neural crest derived melanocyte migration in zebrafish, there are exciting 
questions that could also provide additional information to this field. For myself, one of 
the most interesting questions is what is Pcdh10a interacting with? Does the literature on 
mouse PCDH10 hold true for zebrafish, and is Pcdh10a interacting with the Nap1/Wave 
complex to reorganize F-actin at sites of cell-cell contact? Based on sequence alignments 
I performed between mouse PCDH10 and zebrafish Pcdh10a, there is a good chance that 
zebrafish Pcdh10a does interact with the Nap1/WAVE complex. Chen et al showed that 
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PCDH10, in its cytoplasmic domain, contains a Wave regulatory complex Interacting 
Receptor Sequence (WIRS) with an amino acid sequence of FSTFGK (Chen et al., 2014). 
This could provide a mechanism to explain the two phenotypes observed in the pcdh10a 
knockdowns, in that interaction with the Nap-WAVE complex redistributes N-cadherin 
to and from the cell surface which in turn increase or decrease adhesiveness.  To test this, 
live imaging of N-cadherin distribution in pcdh10a and pcdh10b double mutants would 
resolve this question. Both zebrafish Pcdh10a and Pcdh10b share this sequence in the 
same location as mouse PCDH10. Importantly, PCDH10 and Pcdh10a cytoplasmic 
domains are only 80% similar by alignment, so it is entirely possible that Pcdh10a in 
zebrafish interacts with different proteins from mouse PCHD10. Extracellularly, is 
Pcdh10a binding with other Pcdh10a molecules homophilically, or is it interacting with 
different protocadherins in heterophilic binding? Interestingly, pcdh10a and pcdh10b are 
expressed reciprocally, with pcdh10a expressed in NCCs, and pcdh10b expression in the 
developing somites, with NCCs migrating along and through the developing somite to 
reach their destination. It would be very interesting if Pchd10a and Pcdh10b proteins 
were interacting to guide NCCs during migration.  
 In conclusion, understanding how cells migrate and how adhesion proteins like 
Pcdh10a and Pcdh10b function in melanoblasts during migration is crucial when 
applying it to the bigger picture of development, and how tissues and different structures 
are formed from these migratory cells. Importantly, this knowledge can be applied to 
when these processes go wrong during development or diseases such as metastatic 
cancer.  
   
 67 
REFERENCES 
Adameyko, I., Lallemend, F., Furlan, A., Zinin, N., Aranda, S., Kitambi, S. S., . . . 
Ernfors, P. (2012). Sox2 and Mitf cross-regulatory interactions consolidate 
progenitor and melanocyte lineages in the cranial neural crest. Development, 
139(2), 397-410. doi:10.1242/dev.065581 
Akitaya, T., & Bronner-Fraser, M. (1992). Expression of cell adhesion molecules during 
initiation and cessation of neural crest cell migration. Dev Dyn, 194(1), 12-20. 
doi:10.1002/aja.1001940103 
Alfandari, D., Cousin, H., Gaultier, A., Smith, K., White, J. M., Darribere, T., & 
DeSimone, D. W. (2001). Xenopus ADAM 13 is a metalloprotease required for 
cranial neural crest-cell migration. Curr Biol, 11(12), 918-930.  
Baker, K. E., & Parker, R. (2004). Nonsense-mediated mRNA decay: terminating 
erroneous gene expression. Current Opinion in Cell Biology, 16(3), 293-299. 
doi:http://dx.doi.org/10.1016/j.ceb.2004.03.003 
Baker, R. K., & Antin, P. B. (2003). Ephs and ephrins during early stages of chick 
embryogenesis. Dev Dyn, 228(1), 128-142. doi:10.1002/dvdy.10354 
Basch, M. L., Bronner-Fraser, M., & Garcia-Castro, M. I. (2006). Specification of the 
neural crest occurs during gastrulation and requires Pax7. Nature, 441(7090), 
218-222. doi:10.1038/nature04684 
Baxter, L. L., Moreland, R. T., Nguyen, A. D., Wolfsberg, T. G., & Pavan, W. J. (2010). 
A curated online resource for SOX10 and pigment cell molecular genetic 
pathways. Database (Oxford), 2010, baq025. doi:10.1093/database/baq025 
Bedell, V. M., Wang, Y., Campbell, J. M., Poshusta, T. L., Starker, C. G., Krug, R. G., 
2nd, . . . Ekker, S. C. (2012). In vivo genome editing using a high-efficiency 
TALEN system. Nature, 491(7422), 114-118. doi:10.1038/nature11537 
Bejar, J., Hong, Y., & Schartl, M. (2003). Mitf expression is sufficient to direct 
differentiation of medaka blastula derived stem cells to melanocytes. 
Development, 130(26), 6545-6553. doi:10.1242/dev.00872 
Belmadani, A., Jung, H., Ren, D., & Miller, R. J. (2009). The chemokine SDF-
1/CXCL12 regulates the migration of melanocyte progenitors in mouse hair 
follicles. Differentiation, 77(4), 395-411. doi:10.1016/j.diff.2008.10.015 
Bertrand, K. C., Mack, S. C., Northcott, P. A., Garzia, L., Dubuc, A., Pfister, S. M., . . . 
Taylor, M. D. (2011). PCDH10 is a candidate tumour suppressor gene in 
medulloblastoma. Childs Nerv Syst, 27(8), 1243-1249. doi:10.1007/s00381-011-
1486-x 
 68 
Berx, G., & van Roy, F. (2009). Involvement of members of the cadherin superfamily in 
cancer. Cold Spring Harb Perspect Biol, 1(6), a003129. 
doi:10.1101/cshperspect.a003129 
Biswas, S., Emond, M. R., Duy, P. Q., Hao le, T., Beattie, C. E., & Jontes, J. D. (2014). 
Protocadherin-18b interacts with Nap1 to control motor axon growth and 
arborization in zebrafish. Mol Biol Cell, 25(5), 633-642. doi:10.1091/mbc.E13-
08-0475 
Blasky, A. J., Pan, L., Moens, C. B., & Appel, B. (2014). Pard3 regulates contact 
between neural crest cells and the timing of Schwann cell differentiation but is not 
essential for neural crest migration or myelination. Dev Dyn, 243(12), 1511-1523. 
doi:10.1002/dvdy.24172 
Bolande, R. P. (1974). The neurocristopathies: A unifying concept of disease arising in 
neural crest maldevelopment. Human Pathology, 5(4), 409-429. 
doi:https://doi.org/10.1016/S0046-8177(74)80021-3 
Bondurand, N., Pingault, V., Goerich, D. E., Lemort, N., Sock, E., Le Caignec, C., . . . 
Goossens, M. (2000). Interaction among SOX10, PAX3 and MITF, three genes 
altered in Waardenburg syndrome. Hum Mol Genet, 9(13), 1907-1917.  
Bononi, J., Cole, A., Tewson, P., Schumacher, A., & Bradley, R. (2008). Chicken 
protocadherin-1 functions to localize neural crest cells to the dorsal root ganglia 
during PNS formation. Mech Dev, 125(11-12), 1033-1047. 
doi:10.1016/j.mod.2008.07.007 
Bradley, R. S., Espeseth, A., & Kintner, C. (1998). NF-protocadherin, a novel member of 
the cadherin superfamily, is required for Xenopus ectodermal differentiation. 
Curr Biol, 8(6), 325-334.  
Bronner-Fraser, M. (1986). Analysis of the early stages of trunk neural crest migration in 
avian embryos using monoclonal antibody HNK-1. Dev Biol, 115(1), 44-55.  
Budi, E. H., Patterson, L. B., & Parichy, D. M. (2011). Post-embryonic nerve-associated 
precursors to adult pigment cells: genetic requirements and dynamics of 
morphogenesis and differentiation. PLoS Genet, 7(5), e1002044. 
doi:10.1371/journal.pgen.1002044 
Burstyn-Cohen, T., Stanleigh, J., Sela-Donenfeld, D., & Kalcheim, C. (2004). Canonical 
Wnt activity regulates trunk neural crest delamination linking BMP/noggin 
signaling with G1/S transition. Development, 131(21), 5327-5339. 
doi:10.1242/dev.01424 
Carmona-Fontaine, C., Matthews, H. K., Kuriyama, S., Moreno, M., Dunn, G. A., 
Parsons, M., . . . Mayor, R. (2008). Contact inhibition of locomotion in vivo 
controls neural crest directional migration. Nature, 456(7224), 957-961. 
doi:10.1038/nature07441 
 69 
Cermak, T., Doyle, E. L., Christian, M., Wang, L., Zhang, Y., Schmidt, C., . . . Voytas, 
D. F. (2011). Efficient design and assembly of custom TALEN and other TAL 
effector-based constructs for DNA targeting. Nucleic Acids Res, 39(12), e82. 
doi:10.1093/nar/gkr218 
Chai, Y., Jiang, X., Ito, Y., Bringas, P., Jr., Han, J., Rowitch, D. H., . . . Sucov, H. M. 
(2000). Fate of the mammalian cranial neural crest during tooth and mandibular 
morphogenesis. Development, 127(8), 1671-1679.  
Chen, B., Brinkmann, K., Chen, Z., Pak, C. W., Liao, Y., Shi, S., . . . Rosen, M. K. 
(2014). The WAVE regulatory complex links diverse receptors to the actin 
cytoskeleton. Cell, 156(1-2), 195-207. doi:10.1016/j.cell.2013.11.048 
Chu, Y. S., Eder, O., Thomas, W. A., Simcha, I., Pincet, F., Ben-Ze'ev, A., . . . Dufour, S. 
(2006). Prototypical type I E-cadherin and type II cadherin-7 mediate very distinct 
adhesiveness through their extracellular domains. J Biol Chem, 281(5), 2901-
2910. doi:10.1074/jbc.M506185200 
Cichorek, M., Wachulska, M., & Stasiewicz, A. (2013). Heterogeneity of neural crest-
derived melanocytes. Central European Journal of Biology, 8(4), 315-330. 
doi:10.2478/s11535-013-0141-1 
Clay, M. R., & Halloran, M. C. (2014). Cadherin 6 promotes neural crest cell detachment 
via F-actin regulation and influences active Rho distribution during epithelial-to-
mesenchymal transition. Development, 141(12), 2506-2515. 
doi:10.1242/dev.105551 
Curran, K., Lister, J. A., Kunkel, G. R., Prendergast, A., Parichy, D. M., & Raible, D. W. 
(2010). Interplay between Foxd3 and Mitf regulates cell fate plasticity in the 
zebrafish neural crest. Dev Biol, 344(1), 107-118. 
doi:10.1016/j.ydbio.2010.04.023 
Curran, K., Raible, D. W., & Lister, J. A. (2009). Foxd3 controls melanophore 
specification in the zebrafish neural crest by regulation of Mitf. Dev Biol, 332(2), 
408-417. doi:10.1016/j.ydbio.2009.06.010 
Dooley, C. M., Mongera, A., Walderich, B., & Nusslein-Volhard, C. (2013). On the 
embryonic origin of adult melanophores: the role of ErbB and Kit signalling in 
establishing melanophore stem cells in zebrafish. Development, 140(5), 1003-
1013. doi:10.1242/dev.087007 
Doyle, E. L., Booher, N. J., Standage, D. S., Voytas, D. F., Brendel, V. P., Vandyk, J. K., 
& Bogdanove, A. J. (2012). TAL Effector-Nucleotide Targeter (TALE-NT) 2.0: 
tools for TAL effector design and target prediction. Nucleic Acids Res, 40(Web 
Server issue), W117-122. doi:10.1093/nar/gks608 
 
 70 
Dutton, J. R., Antonellis, A., Carney, T. J., Rodrigues, F. S., Pavan, W. J., Ward, A., & 
Kelsh, R. N. (2008). An evolutionarily conserved intronic region controls the 
spatiotemporal expression of the transcription factor Sox10. BMC Dev Biol, 8, 
105. doi:10.1186/1471-213X-8-105 
El-Brolosy, M. A., & Stainier, D. Y. R. (2017). Genetic compensation: A phenomenon in 
search of mechanisms. PLoS Genet, 13(7), e1006780. 
doi:10.1371/journal.pgen.1006780 
Erickson, C. A. (1985). Control of neural crest cell dispersion in the trunk of the avian 
embryo. Dev Biol, 111(1), 138-157.  
Erickson, C. A., Duong, T. D., & Tosney, K. W. (1992). Descriptive and experimental 
analysis of the dispersion of neural crest cells along the dorsolateral path and their 
entry into ectoderm in the chick embryo. Dev Biol, 151(1), 251-272.  
Fantauzzo, K. A., & Soriano, P. (2015). Receptor tyrosine kinase signaling: regulating 
neural crest development one phosphate at a time. Curr Top Dev Biol, 111, 135-
182. doi:10.1016/bs.ctdb.2014.11.005 
Gage, P. J., Rhoades, W., Prucka, S. K., & Hjalt, T. (2005). Fate maps of neural crest and 
mesoderm in the mammalian eye. Invest Ophthalmol Vis Sci, 46(11), 4200-4208. 
doi:10.1167/iovs.05-0691 
Gagnon, J. A., Valen, E., Thyme, S. B., Huang, P., Akhmetova, L., Pauli, A., . . . Schier, 
A. F. (2014). Efficient mutagenesis by Cas9 protein-mediated oligonucleotide 
insertion and large-scale assessment of single-guide RNAs. PLoS One, 9(5), 
e98186. doi:10.1371/journal.pone.0098186 
Gans, C., & Northcutt, R. G. (1983). Neural crest and the origin of vertebrates: a new 
head. Science, 220(4594), 268-273. doi:10.1126/science.220.4594.268 
Gerber, A. P., Herschlag, D., & Brown, P. O. (2004). Extensive association of 
functionally and cytotopically related mRNAs with Puf family RNA-binding 
proteins in yeast. PLoS Biol, 2(3), E79. doi:10.1371/journal.pbio.0020079 
Glisovic, T., Bachorik, J. L., Yong, J., & Dreyfuss, G. (2008). RNA-binding proteins and 
post-transcriptional gene regulation. FEBS Lett, 582(14), 1977-1986. 
doi:10.1016/j.febslet.2008.03.004 
Gordon, C. T., Wade, C., Brinas, I., & Farlie, P. G. (2011). CXCL14 expression during 
chick embryonic development. Int J Dev Biol, 55(3), 335-340. 
doi:10.1387/ijdb.103258cg 
Hall, B. K. (2009). The neural crest and neural crest cells in vertebrate development and 
evolution (2nd ed.). New York: Springer. 
 71 
Harris, M. L. (2008). Patterning of Neural Crest-derived Pigment Cells in the Avian 
Embryo: University of California, Davis. 
Harris, M. L., Hall, R., & Erickson, C. A. (2008). Directing pathfinding along the 
dorsolateral path - the role of EDNRB2 and EphB2 in overcoming inhibition. 
Development, 135(24), 4113-4122. doi:10.1242/dev.023119 
Hatta, K., Takagi, S., Fujisawa, H., & Takeichi, M. (1987). Spatial and temporal 
expression pattern of N-cadherin cell adhesion molecules correlated with 
morphogenetic processes of chicken embryos. Dev Biol, 120(1), 215-227.  
Hayashi, S., Inoue, Y., Kiyonari, H., Abe, T., Misaki, K., Moriguchi, H., . . . Takeichi, M. 
(2014). Protocadherin-17 mediates collective axon extension by recruiting actin 
regulator complexes to interaxonal contacts. Dev Cell, 30(6), 673-687. 
doi:10.1016/j.devcel.2014.07.015 
Hayashi, S., & Takeichi, M. (2015). Emerging roles of protocadherins: from self-
avoidance to enhancement of motility. J Cell Sci, 128(8), 1455-1464. 
doi:10.1242/jcs.166306 
Heanue, T. A., & Pachnis, V. (2007). Enteric nervous system development and 
Hirschsprung's disease: advances in genetic and stem cell studies. Nat Rev 
Neurosci, 8(6), 466-479. doi:10.1038/nrn2137 
Higdon, C. W., Mitra, R. D., & Johnson, S. L. (2013). Gene expression analysis of 
zebrafish melanocytes, iridophores, and retinal pigmented epithelium reveals 
indicators of biological function and developmental origin. PLoS One, 8(7), 
e67801. doi:10.1371/journal.pone.0067801 
Hirano, S., Yan, Q., & Suzuki, S. T. (1999). Expression of a novel protocadherin, OL-
protocadherin, in a subset of functional systems of the developing mouse brain. J 
Neurosci, 19(3), 995-1005.  
Honjo, Y., Kniss, J., & Eisen, J. S. (2008). Neuregulin-mediated ErbB3 signaling is 
required for formation of zebrafish dorsal root ganglion neurons. Development, 
135(15), 2615-2625. doi:10.1242/dev.022178 
Hultman, K. A., Bahary, N., Zon, L. I., & Johnson, S. L. (2007). Gene Duplication of the 
zebrafish kit ligand and partitioning of melanocyte development functions to kit 
ligand a. PLoS Genet, 3(1), e17. doi:10.1371/journal.pgen.0030017 
Hwang, W. Y., Fu, Y., Reyon, D., Maeder, M. L., Tsai, S. Q., Sander, J. D., . . . Joung, J. 
K. (2013). Efficient genome editing in zebrafish using a CRISPR-Cas system. Nat 
Biotechnol, 31(3), 227-229. doi:10.1038/nbt.2501 
Jia, L., Cheng, L., & Raper, J. (2005). Slit/Robo signaling is necessary to confine early 
neural crest cells to the ventral migratory pathway in the trunk. Dev Biol, 282(2), 
411-421. doi:10.1016/j.ydbio.2005.03.021 
 72 
Jiang, X., Rowitch, D. H., Soriano, P., McMahon, A. P., & Sucov, H. M. (2000). Fate of 
the mammalian cardiac neural crest. Development, 127(8), 1607-1616.  
Johnson, C. W., Hernandez-Lagunas, L., Feng, W., Melvin, V. S., Williams, T., & 
Artinger, K. B. (2011). Vgll2a is required for neural crest cell survival during 
zebrafish craniofacial development. Dev Biol, 357(1), 269-281. 
doi:10.1016/j.ydbio.2011.06.034 
Kahr, I., Vandepoele, K., & van Roy, F. (2013). Delta-protocadherins in health and 
disease. Prog Mol Biol Transl Sci, 116, 169-192. doi:10.1016/B978-0-12-394311-
8.00008-X 
Karunasena, E., McIver, L. J., Bavarva, J. H., Wu, X., Zhu, H., & Garner, H. R. (2015). 
'Cut from the same cloth': Shared microsatellite variants among cancers link to 
ectodermal tissues-neural tube and crest cells. Oncotarget, 6(26), 22038-22047. 
doi:10.18632/oncotarget.4194 
Kawasaki-Nishihara, A., Nishihara, D., Nakamura, H., & Yamamoto, H. (2011). 
ET3/Ednrb2 signaling is critically involved in regulating melanophore migration 
in Xenopus. Dev Dyn, 240(6), 1454-1466. doi:10.1002/dvdy.22649 
Keene, J. D., & Tenenbaum, S. A. (2002). Eukaryotic mRNPs may represent 
posttranscriptional operons. Mol Cell, 9(6), 1161-1167.  
Kelsh, R. N., Brand, M., Jiang, Y. J., Heisenberg, C. P., Lin, S., Haffter, P., . . . Nusslein-
Volhard, C. (1996). Zebrafish pigmentation mutations and the processes of neural 
crest development. Development, 123, 369-389.  
Kelsh, R. N., Harris, M. L., Colanesi, S., & Erickson, C. A. (2009). Stripes and belly-
spots -- a review of pigment cell morphogenesis in vertebrates. Seminars in cell & 
developmental biology, 20(1), 90-104. doi:10.1016/j.semcdb.2008.10.001 
Kim, S. H., Yamamoto, A., Bouwmeester, T., Agius, E., & Robertis, E. M. (1998). The 
role of paraxial protocadherin in selective adhesion and cell movements of the 
mesoderm during Xenopus gastrulation. Development, 125(23), 4681-4690.  
Kim, S. Y., Mo, J. W., Han, S., Choi, S. Y., Han, S. B., Moon, B. H., . . . Kim, H. (2010). 
The expression of non-clustered protocadherins in adult rat hippocampal 
formation and the connecting brain regions. Neuroscience, 170(1), 189-199. 
doi:10.1016/j.neuroscience.2010.05.027 
Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B., & Schilling, T. F. (1995). 
Stages of embryonic development of the zebrafish. Dev Dyn, 203(3), 253-310. 
doi:10.1002/aja.1002030302 
Kohmura, N., Senzaki, K., Hamada, S., Kai, N., Yasuda, R., Watanabe, M., . . . Yagi, T. 
(1998). Diversity revealed by a novel family of cadherins expressed in neurons at 
a synaptic complex. Neuron, 20(6), 1137-1151.  
 73 
Kok, F. O., Shin, M., Ni, C. W., Gupta, A., Grosse, A. S., van Impel, A., . . . Lawson, N. 
D. (2015). Reverse genetic screening reveals poor correlation between 
morpholino-induced and mutant phenotypes in zebrafish. Dev Cell, 32(1), 97-108. 
doi:10.1016/j.devcel.2014.11.018 
Kontges, G., & Lumsden, A. (1996). Rhombencephalic neural crest segmentation is 
preserved throughout craniofacial ontogeny. Development, 122(10), 3229-3242.  
Kos, R., Reedy, M. V., Johnson, R. L., & Erickson, C. A. (2001). The winged-helix 
transcription factor FoxD3 is important for establishing the neural crest lineage 
and repressing melanogenesis in avian embryos. Development, 128(8), 1467-
1479.  
Kuriyama, S., & Mayor, R. (2008). Molecular analysis of neural crest migration. 
Philosophical transactions of the Royal Society of London. Series B, Biological 
sciences, 363(1495), 1349-1362. doi:10.1098/rstb.2007.2252 
Kuroda, H., Inui, M., Sugimoto, K., Hayata, T., & Asashima, M. (2002). Axial 
protocadherin is a mediator of prenotochord cell sorting in Xenopus. Dev Biol, 
244(2), 267-277. doi:10.1006/dbio.2002.0589 
Le Douarin, N., & Kalcheim, C. (1999). The neural crest (2nd ed.). Cambridge, UK ; 
New York, NY, USA: Cambridge University Press. 
Le Douarin, N. M., & Teillet, M. A. (1973). The migration of neural crest cells to the 
wall of the digestive tract in avian embryo. J Embryol Exp Morphol, 30(1), 31-48.  
Lee, E., Han, J., Kim, K., Choi, H., Cho, E. G., & Lee, T. R. (2013). CXCR7 mediates 
SDF1-induced melanocyte migration. Pigment Cell Melanoma Res, 26(1), 58-66. 
doi:10.1111/pcmr.12024 
Lee, H. O., Levorse, J. M., & Shin, M. K. (2003). The endothelin receptor-B is required 
for the migration of neural crest-derived melanocyte and enteric neuron 
precursors. Dev Biol, 259(1), 162-175.  
Lister, J. A., Robertson, C. P., Lepage, T., Johnson, S. L., & Raible, D. W. (1999). nacre 
encodes a zebrafish microphthalmia-related protein that regulates neural-crest-
derived pigment cell fate. Development.  
Loring, J. F., & Erickson, C. A. (1987). Neural crest cell migratory pathways in the trunk 
of the chick embryo. Dev Biol, 121(1), 220-236.  
Ma, Y., Li, A., Faller, W. J., Libertini, S., Fiorito, F., Gillespie, D. A., . . . Machesky, L. 
M. (2013). Fascin 1 is transiently expressed in mouse melanoblasts during 
development and promotes migration and proliferation. Development, 140(10), 
2203-2211. doi:10.1242/dev.089789 
 74 
Mayer, T. C. (1973). The migratory pathway of neural crest cells into the skin of mouse 
embryos. Dev Biol, 34(1), 39-46.  
McCusker, C., Cousin, H., Neuner, R., & Alfandari, D. (2009). Extracellular cleavage of 
cadherin-11 by ADAM metalloproteases is essential for Xenopus cranial neural 
crest cell migration. Mol Biol Cell, 20(1), 78-89. doi:10.1091/mbc.E08-05-0535 
McLennan, R., Schumacher, L. J., Morrison, J. A., Teddy, J. M., Ridenour, D. A., Box, 
A. C., . . . Kulesa, P. M. (2015). Neural crest migration is driven by a few 
trailblazer cells with a unique molecular signature narrowly confined to the 
invasive front. Development, 142(11), 2014-2025. doi:10.1242/dev.117507 
Mellgren, E. M., & Johnson, S. L. (2004). A requirement for kit in embryonic zebrafish 
melanocyte differentiation is revealed by melanoblast delay. Dev Genes Evol, 
214(10), 493-502. doi:10.1007/s00427-004-0428-y 
Melville, H., Wang, Y., Taub, P. J., & Jabs, E. W. (2010). Genetic basis of potential 
therapeutic strategies for craniosynostosis. Am J Med Genet A, 152A(12), 3007-
3015. doi:10.1002/ajmg.a.33703 
Morcos, P. A. (2007). Achieving targeted and quantifiable alteration of mRNA splicing 
with Morpholino oligos. Biochem Biophys Res Commun, 358(2), 521-527. 
doi:10.1016/j.bbrc.2007.04.172 
Mueller, K. P., & Neuhauss, S. C. (2014). Sunscreen for fish: co-option of UV light 
protection for camouflage. PLoS One, 9(1), e87372. 
doi:10.1371/journal.pone.0087372 
Mueller, K. P., & Neuhauss, S. C. F. (2014). Sunscreen for Fish: Co-Option of UV Light 
Protection for Camouflage. PLoS One, 9(1), e87372. 
doi:10.1371/journal.pone.0087372 
Murakami, T., Hijikata, T., Matsukawa, M., Ishikawa, H., & Yorifuji, H. (2006). 
Zebrafish protocadherin 10 is involved in paraxial mesoderm development and 
somitogenesis. Dev Dyn, 235(2), 506-514. doi:10.1002/dvdy.20622 
Nakagawa, S., & Takeichi, M. (1995). Neural crest cell-cell adhesion controlled by 
sequential and subpopulation-specific expression of novel cadherins. 
Development, 121(5), 1321-1332.  
Nakagawa, S., & Takeichi, M. (1998). Neural crest emigration from the neural tube 
depends on regulated cadherin expression. Development, 125(15), 2963-2971.  
Nakao, S., Platek, A., Hirano, S., & Takeichi, M. (2008). Contact-dependent promotion 
of cell migration by the OL-protocadherin-Nap1 interaction. J Cell Biol, 182(2), 
395-410. doi:10.1083/jcb.200802069 
 75 
Nakao, S., Uemura, M., Aoki, E., Suzuki, S. T., Takeichi, M., & Hirano, S. (2005). 
Distribution of OL-protocadherin in axon fibers in the developing chick nervous 
system. Brain Res Mol Brain Res, 134(2), 294-308. 
doi:10.1016/j.molbrainres.2004.11.017 
Nieto, M. A. (2009). Epithelial-Mesenchymal Transitions in development and disease: 
old views and new perspectives. Int J Dev Biol, 53(8-10), 1541-1547. 
doi:10.1387/ijdb.072410mn 
Nitzan, E., Krispin, S., Pfaltzgraff, E. R., Klar, A., Labosky, P. A., & Kalcheim, C. 
(2013). A dynamic code of dorsal neural tube genes regulates the segregation 
between neurogenic and melanogenic neural crest cells. Development, 140(11), 
2269-2279. doi:10.1242/dev.093294 
Nollet, F., Kools, P., & van Roy, F. (2000). Phylogenetic analysis of the cadherin 
superfamily allows identification of six major subfamilies besides several solitary 
members. Journal of molecular biology, 299(3), 551-572. 
doi:10.1006/jmbi.2000.3777 
Olesnicky Killian, E. C., Birkholz, D. A., & Artinger, K. B. (2009). A role for chemokine 
signaling in neural crest cell migration and craniofacial development. Dev Biol, 
333(1), 161-172. doi:10.1016/j.ydbio.2009.06.031 
Parichy, D. M., Ransom, D. G., Paw, B., Zon, L. I., & Johnson, S. L. (2000). An 
orthologue of the kit-related gene fms is required for development of neural crest-
derived xanthophores and a subpopulation of adult melanocytes in the zebrafish, 
Danio rerio. Development, 127(14), 3031-3044.  
Parichy, D. M., & Spiewak, J. E. (2015). Origins of adult pigmentation: diversity in 
pigment stem cell lineages and implications for pattern evolution. Pigment Cell 
Melanoma Res, 28(1), 31-50. doi:10.1111/pcmr.12332 
Park, K. S., & Gumbiner, B. M. (2010). Cadherin 6B induces BMP signaling and de-
epithelialization during the epithelial mesenchymal transition of the neural crest. 
Development, 137(16), 2691-2701. doi:10.1242/dev.050096 
Patterson, L. B., & Parichy, D. M. (2013). Interactions with iridophores and the tissue 
environment required for patterning melanophores and xanthophores during 
zebrafish adult pigment stripe formation. PLoS Genet, 9(5), e1003561. 
doi:10.1371/journal.pgen.1003561 
Pineda, R. H., Svoboda, K. R., Wright, M. A., Taylor, A. D., Novak, A. E., Gamse, J. T., 
. . . Ribera, A. B. (2006). Knockdown of Nav1.6a Na+ channels affects zebrafish 
motoneuron development. Development, 133(19), 3827-3836. 
doi:10.1242/dev.02559 
 76 
Pingault, V., Ente, D., Dastot-Le Moal, F., Goossens, M., Marlin, S., & Bondurand, N. 
(2010). Review and update of mutations causing Waardenburg syndrome. Hum 
Mutat, 31(4), 391-406. doi:10.1002/humu.21211 
Piper, M., Dwivedy, A., Leung, L., Bradley, R. S., & Holt, C. E. (2008). NF-
protocadherin and TAF1 regulate retinal axon initiation and elongation in vivo. J 
Neurosci, 28(1), 100-105. doi:10.1523/JNEUROSCI.4490-07.2008 
Postlethwait, J. H., Yan, Y. L., Gates, M. A., Horne, S., Amores, A., Brownlie, A., . . . 
Talbot, W. S. (1998). Vertebrate genome evolution and the zebrafish gene map. 
Nat Genet, 18(4), 345-349. doi:10.1038/ng0498-345 
Potterf, S. B., Furumura, M., Dunn, K. J., Arnheiter, H., & Pavan, W. J. (2000). 
Transcription factor hierarchy in Waardenburg syndrome: regulation of MITF 
expression by SOX10 and PAX3. Hum Genet, 107(1), 1-6.  
Protas, M. E., & Patel, N. H. (2008). Evolution of coloration patterns. Annu Rev Cell Dev 
Biol, 24, 425-446. doi:10.1146/annurev.cellbio.24.110707.175302 
Raible, D. W., & Eisen, J. S. (1994). Restriction of neural crest cell fate in the trunk of 
the embryonic zebrafish. Development, 120(3), 495-503.  
Raible, D. W., Wood, A., Hodsdon, W., Henion, P. D., Weston, J. A., & Eisen, J. S. 
(1992). Segregation and early dispersal of neural crest cells in the embryonic 
zebrafish. Dev Dyn, 195(1), 29-42. doi:10.1002/aja.1001950104 
Rashid, D., Newell, K., Shama, L., & Bradley, R. (2006). A requirement for NF-
protocadherin and TAF1/Set in cell adhesion and neural tube formation. Dev Biol, 
291(1), 170-181. doi:10.1016/j.ydbio.2005.12.027 
Redies, C., Vanhalst, K., & Roy, F. (2005). delta-Protocadherins: unique structures and 
functions. Cellular and molecular life sciences : CMLS, 62(23), 2840-2852. 
doi:10.1007/s00018-005-5320-z 
Rickmann, M., Fawcett, J. W., & Keynes, R. J. (1985). The migration of neural crest cells 
and the growth of motor axons through the rostral half of the chick somite. J 
Embryol Exp Morphol, 90, 437-455.  
Ridley, A. J., & Hall, A. (1992). Distinct patterns of actin organization regulated by the 
small GTP-binding proteins Rac and Rho. Cold Spring Harb Symp Quant Biol, 
57, 661-671.  
Robu, M. E., Larson, J. D., Nasevicius, A., Beiraghi, S., Brenner, C., Farber, S. A., & 
Ekker, S. C. (2007). p53 activation by knockdown technologies. PLoS Genet, 
3(5), e78. doi:10.1371/journal.pgen.0030078 
 77 
Rossi, A., Kontarakis, Z., Gerri, C., Nolte, H., Holper, S., Kruger, M., & Stainier, D. Y. 
(2015). Genetic compensation induced by deleterious mutations but not gene 
knockdowns. Nature, 524(7564), 230-233. doi:10.1038/nature14580 
Rossi, C. C., Kaji, T., & Artinger, K. B. (2009). Transcriptional control of Rohon-Beard 
sensory neuron development at the neural plate border. Dev Dyn, 238(4), 931-
943. doi:10.1002/dvdy.21915 
Rubinstein, A. L., Lee, D., Luo, R., Henion, P. D., & Halpern, M. E. (2000). Genes 
dependent on zebrafish cyclops function identified by AFLP differential gene 
expression screen. Genesis, 26(1), 86-97.  
Sano, K., Tanihara, H., Heimark, R. L., Obata, S., Davidson, M., St John, T., . . . Suzuki, 
S. (1993a). Protocadherins: a large family of cadherin-related molecules in central 
nervous system. EMBO J, 12(6), 2249-2256.  
Sano, K., Tanihara, H., Heimark, R. L., Obata, S., Davidson, M., St John, T., . . . Suzuki, 
S. (1993b). Protocadherins: a large family of cadherin-related molecules in central 
nervous system. The EMBO journal, 12(6), 2249-2256.  
Santiago, A., & Erickson, C. A. (2002). Ephrin-B ligands play a dual role in the control 
of neural crest cell migration. Development, 129(15), 3621-3632.  
Schilling, T. F., & Kimmel, C. B. (1997). Musculoskeletal patterning in the pharyngeal 
segments of the zebrafish embryo. Development, 124(15), 2945-2960.  
Schuermann, A., Helker, C. S., & Herzog, W. (2015). Metallothionein 2 regulates 
endothelial cell migration through transcriptional regulation of vegfc expression. 
Angiogenesis, 18(4), 463-475. doi:10.1007/s10456-015-9473-6 
Schulte-Merker, S., & Stainier, D. Y. (2014). Out with the old, in with the new: 
reassessing morpholino knockdowns in light of genome editing technology. 
Development, 141(16), 3103-3104. doi:10.1242/dev.112003 
Schwarz, Q., Maden, C. H., Vieira, J. M., & Ruhrberg, C. (2009). Neuropilin 1 signaling 
guides neural crest cells to coordinate pathway choice with cell specification. 
Proc Natl Acad Sci U S A, 106(15), 6164-6169. doi:10.1073/pnas.0811521106 
Sela-Donenfeld, D., & Kalcheim, C. (1999). Regulation of the onset of neural crest 
migration by coordinated activity of BMP4 and Noggin in the dorsal neural tube. 
Development, 126(21), 4749-4762.  
Shin, M. K., Levorse, J. M., Ingram, R. S., & Tilghman, S. M. (1999). The temporal 
requirement for endothelin receptor-B signalling during neural crest development. 
Nature, 402(6761), 496-501. doi:10.1038/990040 
 78 
Shoval, I., Ludwig, A., & Kalcheim, C. (2007). Antagonistic roles of full-length N-
cadherin and its soluble BMP cleavage product in neural crest delamination. 
Development, 134(3), 491-501. doi:10.1242/dev.02742 
Stainier, D. Y., Kontarakis, Z., & Rossi, A. (2015). Making sense of anti-sense data. Dev 
Cell, 32(1), 7-8. doi:10.1016/j.devcel.2014.12.012 
Stainier, D. Y. R., Raz, E., Lawson, N. D., Ekker, S. C., Burdine, R. D., Eisen, J. S., . . . 
Moens, C. B. (2017). Guidelines for morpholino use in zebrafish. PLoS Genet, 
13(10), e1007000. doi:10.1371/journal.pgen.1007000 
Svetic, V., Hollway, G. E., Elworthy, S., Chipperfield, T. R., Davison, C., Adams, R. J., . 
. . Kelsh, R. N. (2007). Sdf1a patterns zebrafish melanophores and links the 
somite and melanophore pattern defects in choker mutants. Development, 134(5), 
1011-1022. doi:10.1242/dev.02789 
Tachibana, M., Takeda, K., Nobukuni, Y., Urabe, K., Long, J. E., Meyers, K. A., . . . 
Miki, T. (1996). Ectopic expression of MITF, a gene for Waardenburg syndrome 
type 2, converts fibroblasts to cells with melanocyte characteristics. Nat Genet, 
14(1), 50-54. doi:10.1038/ng0996-50 
Takamura, K., Okishima, T., Ohdo, S., & Hayakawa, K. (1990). Association of cephalic 
neural crest cells with cardiovascular development, particularly that of the 
semilunar valves. Anat Embryol (Berl), 182(3), 263-272.  
Takeichi, M. (1988). The cadherins: cell–cell adhesion molecules controlling animal 
morphogenesis. Development, 102, pp. 639–655.  
Theveneau, E., & Mayor, R. (2010). Integrating chemotaxis and contact-inhibition during 
collective cell migration: Small GTPases at work. Small GTPases, 1(2), 113-117. 
doi:10.4161/sgtp.1.2.13673 
Thiery, J. P., Acloque, H., Huang, R. Y., & Nieto, M. A. (2009). Epithelial-mesenchymal 
transitions in development and disease. Cell, 139(5), 871-890. 
doi:10.1016/j.cell.2009.11.007 
Thiery, J. P., & Sleeman, J. P. (2006). Complex networks orchestrate epithelial-
mesenchymal transitions. Nat Rev Mol Cell Biol, 7(2), 131-142. 
doi:10.1038/nrm1835 
Thisse, B., Heyer, V., Lux, A., Alunni, V., Degrave, A., Seiliez, I., . . . Thisse, C. (2004). 
Spatial and temporal expression of the zebrafish genome by large-scale in situ 
hybridization screening. Methods Cell Biol, 77, 505-519.  
Tucker, G. C., Ciment, G., & Thiery, J. P. (1986). Pathways of avian neural crest cell 
migration in the developing gut. Dev Biol, 116(2), 439-450.  
 79 
Uemura, M., Nakao, S., Suzuki, S. T., Takeichi, M., & Hirano, S. (2007). OL-
Protocadherin is essential for growth of striatal axons and thalamocortical 
projections. Nat Neurosci, 10(9), 1151-1159. doi:10.1038/nn1960 
Vallin, J., Girault, J. M., Thiery, J. P., & Broders, F. (1998). Xenopus cadherin-11 is 
expressed in different populations of migrating neural crest cells. Mech Dev, 
75(1-2), 171-174.  
Vance, K. W., & Ponting, C. P. (2014). Transcriptional regulatory functions of nuclear 
long noncoding RNAs. Trends Genet, 30(8), 348-355. 
doi:10.1016/j.tig.2014.06.001 
Wehrle-Haller, B., Meller, M., & Weston, J. A. (2001). Analysis of melanocyte 
precursors in Nf1 mutants reveals that MGF/KIT signaling promotes directed cell 
migration independent of its function in cell survival. Dev Biol, 232(2), 471-483. 
doi:10.1006/dbio.2001.0167 
Westerfield, M. (1993). The zebrafish book : a guide for the laboratory use of zebrafish 
(Brachydanio rerio). Eugene, OR: M. Westerfield. 
Weston, J. A. (1963). A radioautographic analysis of the migration and localization of 
trunk neural crest cells in the chick. Dev Biol, 6, 279-310.  
Williams, E. O., Sickles, H. M., Dooley, A. L., Palumbos, S., Bisogni, A. J., & Lin, D. 
M. (2011). Delta Protocadherin 10 is Regulated by Activity in the Mouse Main 
Olfactory System. Front Neural Circuits, 5, 9. doi:10.3389/fncir.2011.00009 
Yagi, T., & Takeichi, M. (2000). Cadherin superfamily genes: functions, genomic 
organization, and neurologic diversity. Genes & development, 14(10), 1169-1180.  
Yamagata, K., Andreasson, K. I., Sugiura, H., Maru, E., Dominique, M., Irie, Y., . . . 
Worley, P. F. (1999). Arcadlin is a neural activity-regulated cadherin involved in 
long term potentiation. J Biol Chem, 274(27), 19473-11979.  
Yasuda, S., Tanaka, H., Sugiura, H., Okamura, K., Sakaguchi, T., Tran, U., . . . 
Yamagata, K. (2007). Activity-induced protocadherin arcadlin regulates dendritic 
spine number by triggering N-cadherin endocytosis via TAO2beta and p38 MAP 
kinases. Neuron, 56(3), 456-471. doi:10.1016/j.neuron.2007.08.020 
Yoshida, K. (2003). Fibroblast cell shape and adhesion in vitro is altered by 
overexpression of the 7a and 7b isoforms of protocadherin 7, but not the 7c 
isoform. Cell Mol Biol Lett, 8(3), 735-741.  
Zhong, X., Zhu, Y., Mao, J., Zhang, J., & Zheng, S. (2013). Frequent epigenetic silencing 
of PCDH10 by methylation in human colorectal cancer. J Cancer Res Clin Oncol, 
139(3), 485-490. doi:10.1007/s00432-012-1353-5 
 80 
Zuhdi, N., Ortega, B., Giovannone, D., Ra, H., Reyes, M., Asencion, V., . . . de Bellard, 
M. E. (2015). Slit molecules prevent entrance of trunk neural crest cells in 
developing gut. Int J Dev Neurosci, 41, 8-16. doi:10.1016/j.ijdevneu.2014.12.003 
 
